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Summary
The precise conditions under which ions are generated in the ion source can have a major 
impact on how well the source performs, and how much of the extracted beam current can 
be transported. Because of the commercial focus on the repeatability and reliability of the 
overall ion implantation process, this vital aspect of the machine has received little 
scientific attention.
In order to address this issue, detailed studies of both the source and beam plasmas have 
been initiated. The research described in this thesis, was concerned with the former, and 
the characterisation of boron trifluoride (BF3) and argon plasmas created in a commercial 
indirectly heated cathode high cuirent ion source, is described. Boron is still the main p- 
type dopant in the ion implantation industry but little information is available to date on 
the basic plasma parameters and the way in which they depend on the source operating 
conditions. Of major interest in the BF3 plasma is the cracking efficiency (gas and 
surface-phase phenomena may also be important), since the desired ion species is the 
singly charged atomic boron ion. Plasma parameters such as the density, electron and ion 
temperature, and the related plasma potential, dictate the nature of the processes 
occurring, and their rates. Detailed information on how the plasma parameters are 
affected by the source operating conditions (discharge “arc” voltage, dischaige current, 
gas flow rate and confining magnetic field strengtli) was obtained fiom Langmuir probe 
measurements. In conjunction with the known performance of the source in field 
machines, the data have enabled the plasma par ameters to be related to the overall system 
performance.
Two electron temperatures were obseiwed and significant spatial non-uniformities were 
apparent. The dependence of electron temperatur e on different operating conditions was 
found to be different, and source geometry and arc chamber material were also found to 
have an effect on the electron temperature.
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Chapter 1
1 Introduction
1.1 Background
The development of ion sources started with the investigation of canal rays by Goldstein 
in 1886 [1]. Freeman discusses this in more detail in a review of the history and 
applications of positive ions [2]. Later electron-atom collisions were used to produce low- 
current ion soui’ces. Higher ion currents became available with the appearance of ai'c 
discharge ion sources in the 1930s and this type of source was used in high throughput 
isotope separators. These machines comprised a source, high mass resolution magnetic 
deflection analyser and collector arrangement; basically all the components required for 
ion implantation. In ion implantation instead of collecting the ions in an appropriately 
positioned cup, they are directed onto the surface of the sample to be implanted. The 
technique was first used in the 1950s and developed as a serious research topic in the 
1960s as its potential to provide advantages over the diffusion process became apparent. 
Both conductive and parametric implant applications became important in the 1970s and 
production worthy medium and high current machines were developed.
There is no doubt that the continued successful process of achieving integiated circuits 
with smaller unit cells is attributable to the continued development of ion implanters and 
the associated ion sources. Thus new impetus was given to an old technology: the design 
and development of ion sources. [3].
Since most ion implanter systems extract and transport positive ions from the source to 
the target, the present study concentrated on the characterisation of a positive ion source. 
However, negative ion sources ar e used in some systems especially in tandem machines 
when high-energy (MeV) ions are required. The most important issues of ion source 
design for use in ion implantation are lifetime, reliability, serviceability and current 
capability. High current sources are exclusively positive ion sources since the production
1
Chapter 1: Introduction
of negative ions of the dopant species of interest is not efficient. From the point of view 
of the implanter design, the source is the most important element in an ion beam system, 
as its characteristics determine, to a great extent, the performance of the entire system. As 
there is no universal ion sour ce, each type of implanter is built around a sour ce, or sources 
developed for the specific application of the machine.
The ion temperature in the source plasma determines the minimum emittance of the beam 
and hence the feasibility of obtaining a specified beam curi’ent, physical size and angular 
spread at the wafer. These factors are of key interest to the user since they affect 
througliput and implant quality. For plasma source based implanters using transport 
energies above about lOkeV, high levels of space charge neutralisation are achieved via 
electron production in gas phase collisions, and emittance is observed to be the limiting 
factor [4] in long beamline systems.
Ion beam currents in ion implanters range between about 10// A and 30mA depending on 
the species, energy and model of implanter. Typical doses (number of implanted ions per 
unit area) range fi*om 10^  ^to lO^^atoms/cm^. The dose is proportional to the beam current 
and implantation time, and inversely proportional to the beam area for the same total 
current. Implantation energies range firom as low as 200eV up to several MeV in high- 
energy implanters, resulting in range distributions with average depths fi*om 0 .0 1  jam. to 
1 0 / / m.
As the demands of the semiconductor device fabrication industry have become more 
stringent, areas of improvement in machine capability include the spatial uniformity of 
the beam, the stability of the arc control over a wide range of arc currents, lifetime and 
serviceability. For example, high dose applications require high beam cunent to maximise 
througliput, hence requiring efficient ion production in the arc chamber [5]. In order to 
design an ion soui'ce that can satisfy the requirement to cover the wide range of today’s 
need, it is necessary to understand the characteristics of the source plasma and the roles of 
the physical configui ations of the arc chamber and the arc control parameters [6 ].
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For the species of principle interest in the semiconductor device industry, namely boron, 
arsenic, phosphorous, antimony and aluminium, the behaviour of the source plasmas and 
the characteristics of the extracted ion beams, aie highly species specific. Even though 
plasma densities and electron temperatures are similar in all cases, it is clear that the 
detailed nature of the ionisation and, where relevant, molecular cracking process, is of 
major significance.
In the present study, the plasmas created in a state of the art indirectly-heated cathode 
(IHC) ion source were characterised using single and symmetric floating double 
Langmuir probes. The overall cunent-voltage characteristics of the discharges, and the 
source wall temperatures were also measured. The work was primarily concerned with 
obtaining an understanding of why the production of the main group III dopant ion, 
boron, is enhanced in this type of source, compared with previously used directly heated 
cathode sources such as the Freeman [7] and Bemas [8 ] sources.
As expected, discharges created in both boron trifluoride and argon are characterised by 
electron and ion densities in the range lO^ '^  to 10^  ^ per m .^ The magnetic field in the 
source was found to have a profound effect on the election temperature. The role of the 
magnetic field is complex in that its ability to increase the effective election path lengths 
not only changes the gas phase ionisation behaviour, but also changes the relationship 
between surface and gas phase collision firequencies. Consequently, by varying this field, 
and changing the discharge chamber wall material from graphite to tungsten, by inserting 
liners, the role of the surfaces in determining the overall cracking behaviour and B^ ion 
production, was investigated.
On the basis of the trends in behaviour observed on coimnercial machines, it was initially 
assumed that the higher energy electrons make a major contribution to the enhancement 
of the B^ yield observed in IHC sources. It was for this reason that the conventional single 
probe measurements were complemented by the floating double probe study. The latter 
technique minimised the perturbation of the plasma and is specifically sensitive to the 
high energy part of the electron energy distribution. Both the double and single probe 
measurements were carried out in different spatial positions in the discharge chamber in 
order to assess the spatial uniformity of the plasma. The ability of the extracted beams to
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space charge neutralise and the overall performance of the ion optical system, are 
crucially dependent on the uniformity of the souice plasma. The measurements showed:
1. These plasmas contain election energy distribution functions that are not in thermal 
equilibrium. There are two distinct electron temperatures.
2. The electron temperature depends on the source operating conditions.
3. The electron temperatme is not uniform across the arc chamber but is lower at the 
walls.
4. The electron temperatme in aigon (Ar) appears to be lower than in boron trifluoride 
(BFs). This is interesting from the point of view of the different energy loss processes.
5. The arc chamber (surface) material has a significant effect on the electron energies 
present. Electron temperatures appear to be higher for tungsten than for giaphite.
The source configuration (reflex action and floating anti-cathode modes) also has a 
significant effect on the electron temperatures. This, combined with the effect of the 
liners, shows different trends under different source operating parameters.
A fundamental assessment of the implications of these observations from the point of 
view of the performance of commercial ion implanters is the main thiust of this study. 
The data obtained refer to the somce plasma and no attempt has been made to investigate 
the equally complex processes occuning in the high current extracted beams. However, 
these processes cannot be de-coupled fr om those taking place within the source discharge 
and the significance of the source data cannot be assessed without detailed consideration 
of the overall beam system. Consequently, in addition to the theoretical background to the 
physics of the plasma somce provided in chapter 2 and 3, the relationship between the 
somce plasma and the characteristics and quality of the extracted beam is discussed in 
Appendix A. The theoretical and practical basis of the Langmuir probe techniques used 
aie included in Chapter 4. A detailed description of the test facility, which was 
constructed as pait of the project, is given in Chapter 5. Chapter 6  contains the 
experimental results and detailed discussions of the novel data obtained. A brief 
conclusion is provided in Chapter 7 together with suggestions for possible futme studies.
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Chapter 2
2 Theoretical Considerations
2.1 Introduction
The plasma conditions that provide optimum beams of the required dopant species in 
commercial ion implanters have been found to depend on both the gas/vapour feed rate, 
and the material from which the inner walls of the discharge chamber are fabricated. This 
indicates that both plasma and plasma-wall interactions play key roles in deteimining the 
optimum source operating conditions. In the present chapter, the gas flow, ion production 
and ion beam loss processes are considered in order to assess the importance of the 
various gas phase and wall interaction processes.
2.2 Gas Flow
The gas pressure has a profound effect on the charactmistics of any gaseous dischaige. It 
determines the mean free path for all the collision processes and the relative importance of 
gas phase and surface processes. It is the primaiy factor in determining the nature of the 
main electron and ion loss process and hence the limiting plasma density. While plasma 
considerations are of primary importance fr om the ion production point of view, the need 
to extract an intense ion beam also has a significant influence on the operating pressure 
range, hi some cases, the pressure at which the source plasma conditions are optimised for 
the production of a particular ion species is too high for efficient beam transport due to 
excessive scattering losses.
At high pressures (>10’^  mbar), the mean free path Jlof a molecule is comparable to or 
shorter than the chamber dimensions, and the behaviour of each atom becomes
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increasingly dominated by collisions with other atoms. In this pressure range, the gas flow 
moves from the viscous to the transition regime. At 10‘^ mbar, X varies from about 0.5 to 
2 cm, depending on the gaseous species, and is of similar value to the system dimensions.
However, at lower pressures, X becomes large compared to the system dimensions and 
collisions take place mainly with the walls of the chamber and rarely with other 
molecules. Upon collision with the walls, tlie molecules become adsorbed for a period 
dictated by the desorption activation energy before being desorbed in a random direction 
(following a cosine distribution). In this regime the flow is molecular and the conductance 
of the apertures no longer depend on pressure. This is the regime in which most of an 
implanter system operates. However, for the pressuies used in typical discharge ion 
sources, the gas-gas and gas-wall collision fr equencies in the actual discharge chamber are 
similar, as shown later in section 2.2.1. This implies that gas flow out of the chamber is in 
the transition regime.
2timeThe expression p  = —-— directly shows how the pressure in a plasma processing
chamber depends on the density of gas atoms n, their mass m, and their mean square 
speed. It is also clear why a temperature increase (for example due to one of the plasma 
processes), leads to a pressure increase: i.e. higher temperature means higher energy, 
which means higher mean square speed. In ion hnplanter ion sources, pressures in the 
range from 1 0 ‘^ mbar to lO'^mbar are generally used while technological plasmas in 
general can be operated up to atmospheric pressure.
Atoms in an enclosuie absorb energy from the environment, for example by radiation 
from the walls. The energy of the gas is stored in the form of translational kinetic energy 
(and in the case of molecules, also in vibrational and rotational states). Frequent collisions 
occur between the molecules and between the molecules and the wall, resulting in a 
continuous interchange of energy. According to kinetic theory, the average kinetic energy 
of each molecule depends on temperatme through the relation:
— mc^ = — kT 2 2
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where m is tiie mass of the molecule, is hie mean square speed, and k is Boltzmann’s 
constant.
_  , -T 3/crThe mean square speed, c  -----m
which is given by:
, but a more useful parameter is the mean speed c ,
c ~ 8/crVV Tim
(2.2)
By considering the random nature of any multiple collision process, Maxwell and 
Boltzmann (independently) were able to show that the number, dn, of molecules out of a 
total of n that have speeds between c and c+dc is given by:
dn 4n f  m
dc 12kT exp 2kT
This is the classical M-B distribution, which is shown in Figure 2.1.
(2.3)
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Figure 2.1: M~B distribution of a 600K argon discharge
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2.2.1 Gas flow conditions in the ion source
In the following discussion, the units used for quantities such as throughput and 
outgassing rate are those commonly used in the implant industry. The equivalent SI units 
are included in bracket for completeness.
hi order for the pressure in the chamber to be in equilibrium, the condition 
Qin = Qout must apply, where Q is the throughput.
Throughput, Q, in seem is alternatively known as flow rate, especially when referring to 
inlet rate of reaction gas, and is proportional to die flux of molecules passing. Q = pS, 
where p is the pressure and S the pumping speed. Q is also given by Q =nvA, where v = 
flow velocity, A = cross-sectional area of pumping port, and n = molecular density of the 
gas.
Isccm (standard cubic centimetre per minute) (SI units = 1.67xl0“^ m^/.s) = 
2.69 X10^  ^molecules per min
Conductance, C, which is a measure of the ability of a length of tubing to transmit a gas 
flow, is related to the throughput by Q = C Ap, where Ap is the pressure differential along 
the length of the tube.
The lumped continuity equation for any vacuum system is given by
^ { P V )  = Q -S p  (2-4)dt
For the system of the type used in this study, the dimensions of the arc chamber (with 
tungsten liners) are as follows: length 85mm and diameter 34mm, with an extraction slit 
50mm long and 3.5mm wide. This is assumed to be the only aperture. The gas flow rates 
used for the study were 0.6,1, 1.4 and 1.9sccm. Isccm was used as the fixed flow rate for 
most of the study and hence will be used for the purpose of this calculation.
These dimensions give a chamber volume of V = 1.93 x 10"  ^ and an internal surface 
area of A = 106.8 x 10“^  . The slit area is 1.75 xlO"^m^.
Using argon, the mass of gas molecules is 40amu, and the source temperature is 300K.
9
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Q in  is Isccm, which is 4.49x10^^ molecules/sec. This ignores out-gassing from the walls 
of the chamber. Since the area is 106.8 x10~ t^w  ^ and the out-gassing rate would be 
expected to be less than lO'Vl/sec/cm^ after a few minutes of running, the out-gassing 
contribution would be less than 1.068xl0“^ t-l/sec (= 4.8x10^^molecules/m), which is 
negligible.
Q o u t  is given by :
Q out ~  iP ch ~  Pext
where pch and pext are the pressures in the arc chamber and just outside it respectively, and 
C is the conductance of the extr action slit.
Since a gauge cannot be put into the arc chamber, remote gauges are used to estimate a 
value for pext = 1 xlO'^torr = 1.33X10'^mbar. The calculation included here is only 
approximate. The pressure falls exponentially outside the source aperture, and pext
measured on a remote gauge does not reflect the true value of pext close to the aperture.
Assuming molecular flow conditions apply in the aperture,
C = 11.9A litres/sec = 0.0119 mVsec
where A is the area of the slit in cm .^
Hence C = 20.83 litres/sec = 2.083 x 10“^  / sec
This conductance leads to an equilibrium pressure in the arc chamber of
Pch= 1.61 X lO'^^orr = 2.15 mbar
Going through the same calculations for 0.6 and 1.4, and 1.9sccm, the arc chamber 
pressures are found to be 1.36xlO"^mW, 2.41 y^XOT^mbar and 2.87xlO“^ m^ar, 
respectively
From simple kinetic theory (p = NkT), the total number of molecules per m  ^at a pressure 
p (torr) is given by:
^  ^ (l.38xl0-^)x300^ "
But 133Nm'^ = 1 torr to convert to SI units
10
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N =  (2.41xl0“ )x l33x(l.61x l0 “^ )
N =  5.19x10” molecules perm*
[For 0.6sccm, 1.4 and 1.9sccm there are 4.36 x 10^ ,^5.95 x 10^  ^aW6.92 x lO'  ^ molecules 
per m^, respectively]
Hence the total number of molecules in the chamber, Nt is,
JV, =5.19 xlO” F’ = {5.19xl0” )x(l .93x10^ m"*)
= 1 x 10^  ^molecules
The number of molecules striking the inner surface per second at a pressure p (toiT) in 
equilibrium (i.e. impingement flux = no. of molecules crossing unit area /second) is given 
by:
n= Va No where the mean speed of the molecules, c - ^ 7 m  J
m = M 40 = 6.64 X10 (No is Avagadro’s number)
N q 6.0 2 x 1026
therefore c = 8x(l.38xl0~^^)x300 TV X (6.64 X10 kg)
Yi
398.46m5~^
n = i  X {5 .1 9  X10'  ^)x 398.46 x (1O6 .8  x 10“^  )
n = 5.5 X1 (f  ^ molecules per second
Since there are I molecules in the chamber, each one must hit the surface 55000
(times per second i.e —  . This is the surface collision frequency.
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The number of molecule to molecule collisions per m  ^ (Ai' -  Ai* colls/m^/sec) in the gas 
phase at a pressure, p is given by:
Mg = 1.14x10^ f)?"
Therefore, there are
(l.l4xlO^^)x(l.61xlO"^J x(l.93x10“^ ) =5.7x10^^collisions per second in the gas 
phase
This result shows, as expected, that the wall and gas phase collision numbers are similar. 
It essentially reflects that operation is in the region close to the molecular-tiansition flow 
boundary.
It is interesting to note that the net flow of molecules out of the aperture (gas line) is 
4.51 X10^  ^per second. The number actually impinging on the aperture area (extraction 
slit) is 9  X1 0 ’^ per second, but the assumption of an outside pressure and molecular flow 
means that there is a flow in as well. The extraction of a cuirent of 30mA through the 
aperture is equivalent to an ion flow of 1.88x10^^ ions per second. This implies a gas 
utilisation rate of 41.6%, meaning that the ratio of neutrals to ions is about 2.5. Since the 
total number of molecules in the chamber is 1x1 0 ^^ , die ion density is approximately 
4xlO"m-^'
If the temperatm e of the system goes up to 900K, the pressure will rise in accordance with 
the relationship p = NkT. Since the mean speed of die molecules will rise by T®’^ , the 
conductance of the aperture will also rise. However, the net flow will be about the same 
since the gas outside will also be at a liigher temperature. The nmnber of molecules in 
these circumstances will not change much and the pressure will rise by a factor 900/300 = 
3, and the pressure will be 4.83 x 10“^  torr = 6.44 x lO"^  mbar
12
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2.2.2 Mean free path, À
The mean free path is the average distance tiavelled by a gas atom between collisions. 
This decreases at higher pressures due to the greater density of gas molecules, as is shown 
in Table 2.1.
Kinetic theory assumes that there are no interactions between gas atoms other than during 
collisions. The probability of collision, and hence À depends on atom size, and so will
vaiy fr om gas to gas. X  ------- -— -—  where ri is the radius of the slow gas moleculesn{r  ^ ^ r ^ y N
and X2 is the radius of much faster particles impinging into the chamber (electrons). If the 
incident particles are molecules (or ions) of the same gas, then r% = r% = r, therefore
X. = — \ — = J — where O' = where a  is the effective cross-section, d the diameter, ' ATvr^N oN
and N the density of gas molecules. If the particles are electrons whose radii are much 
smaller than the ions/molecules, and assuming the velocity of the injected particles is 
higher than that of the gas,
 ^ ^ (2.5)Tvr^ N  oN
The mean fr ee path of the gas itself is given by X  ^ = i  A- = — p i - — = — — . This* V2  V2 o?V
shows that X^  = S.ôôX^ and that electrons have longer mean free paths due to their
smaller size. Table 2.1 shows atom/molecule and electron mean free paths for Argon and 
BFg for the pressure range of interest. It can be seen that the mean free path of aigon ions 
at a gas flow of Isccm (p = 2.15 xlO~^mbar) is 7.5cm. The equivalent mean free path for 
BF3 ions is 16.3cm.
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Table 2.1: Mean free path o f argon and BF3 in the absence o f a magnetic field
Gas flow (seem) Mean fr ee path (m)
Argon BF3
Ion Electron Ion Electron
0.6 .0876 .350 .190 .76
1 .0750 .300 .163 .652
1.4 .0653 .261 .142 .568
1.9 .0562 .225 .122
If the electron mean free path is , the probability of collision per unit length is jX  ,
and the probability of travelling a distance x without collision is exp . The distance
between the cathode and anti-cathode is 7.5cm, which means that the probability of an 
electron in an argon discharge travelling this distance without a collision is 77.9% (for a 
pressure of 2.15xl0"^m6ar ; equivalent to a gas flow of Isccm), in the absence of a 
magnetic field.
The collision frequency, v  is the average number of collisions that a gas atom makes per
unit time and is equal to — Using the value of c from section 2.2.1, the collisionX
frequency for argon at Isccm is 5147 collisions per second, and the mean time between 
collisions r  is 1.9xl0 “^ 5. At the same temperature (300K), the collision frequency of 
electrons is 3.59x10^ collisions per* second, and the mean time between collisions is 
2.79x10”® 5 . At a higher temperature (5eV = 58000K), the collision frequency of 
electrons becomes 3.56x10® collisions per second, and the mean time between collisions 
becomes 2.81 x 10“^  5 .
14
Chapter 2, Theoretical considerations
2.3 Breakdown processes
Hot cathode dc discharges are the most widely used method for producing ions in ion 
implanters. Gas discharges can take place over a wide range of gas pressures and voltages, 
and the nature of the discharge is crucial in determining not only the extr acted beam 
current but also the source lifetime and stability.
2.3.1 The physics of positive ions-lonisation phenomena
Positive ions are produced within a plasma by the interactions, or collisions of elections 
with atoms or molecules i.e. electron impact ionisation. Atom/atom or atom/molecule 
collisions are secondary processes. A stable gas discharge needs to be maintained, so that 
positive ions can be extracted by a properly shaped and biased electrode system.
The probability of ionisation in an electi on-atom collision depends on the electron energy. 
The average electron energy in any discharge will depend on the voltage applied to the 
discharge, and the gas pressure. This describes the Paschen curve, and these relationships 
are responsible for the characteristic shape of the Paschen curve, which is mentioned in 
further detail in section 2.3.2.
The collision rate between electrons and atoms, depends on the electron density, as well 
as the density of the atoms. Geometiic factors can affect electrons, due to their mobility 
and the fact that they are easily lost to the surfaces of the chamber. These factors, such as, 
path length from cathode to anode, may affect the electron density, and therefore the 
collision rate and ion density. These geometric considerations can be greatly changed by 
the presence of a magnetic field in the source chamber.
There are important considerations that need to be taken into account when creating a 
discharge and some of these will be discussed in the following sections.
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2.3.1.1 Ionisation potential
The ionisation potential for an atom is essentially the lowest binding energy of the 
external electrons. A positive ion is created by the removal of one or more electrons from 
the atom.
In order to maintain good efficient ionisation rates, the average electron energy in the 
discharge should be increased as tlie ionisation potential of the gas in the discharge 
increases. This may be achieved by increasing the discharge voltage and/or reducing the 
pressuie in the discharge, thereby enabling elections to gain more energy between 
collisions. However, if the mean free path becomes large compared to the discharge 
chamber dimensions (i.e. at too low pressuie), no breakdown is possible.
Table 2.2 shows a list of ionisation potentials for the species of interest in this study, and 
these potentials indicate the minimum electron energies at which ionisation will occur.
Table 2.2: Ionisation potentials for the species o f interest
Molecule/Element Ionisation potential/eV
Ar 15.8
BFs 15.5
B 8.3
F 17.4
2.3.1.2 Collision cross section
The gas phase enviromnent of a glow discharge contains elections, vaiious types of ions, 
neutral atoms and molecules in a variety of excited states, and photons. While all the 
possible collision processes play some role, some collisions are more important than 
others and in general, the ion production and loss are dominated by just a few processes.
Electron-atom collision processes can be divided into elastic and inelastic types, 
depending on whether the internal energies (potential energies) of the colliding bodies are 
maintained. The probability of a particular type of collision is conventionally described by
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the effective collision cross-section a . This is the effective area of a paiticle for the 
collision of interest. The ionisation cross-section for argon and other rare gases due to 
electron impact in the reaction e + Ar ^ 2 e  + A r^cm  be seen in Figure 2.2. The curves 
all peak in a similar energy range, and the threshold is at lower electron energies for the 
lower ionisation potential atoms. The increase in cross-section with atomic number is also 
expected on the basis of the reduced binding of the outer shell electron due to screening.
Î.1
10 2 3 5 10® 2 3 5Electron energy,' eV
Figure 2,2: Ionisation cross- section for the rare gases due to electron impact [1]
As mentioned in the previous section, the average distance travelled between collisions
4(the mean JSree path), = ----- . N cf is also known as the number of collisions per unitN<j
length of the path of a paiticle. For argon at a pressure of 2,\5x\Q~^mbar and 
temperature .02eV (232K), N = 5.19x10^^ molecules per m^; cr= 2.57xl0"^^m^ 
therefore the number of collisions per m will be 13.34m'\
The concept of collision cross-section can be made useful in describing the impact
process and its products. The decline in all types of collision cross-sections after reaching
a maximum (as seen in Figure 2.2) can be explained by considering the actual collision
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process. Basically, if an electron is travelling too fast, no collision takes place, as no 
appreciable interaction of fields is effective in the short time.
When a beam of mohoenergetic electrons of density Ne moves through a gas with velocity 
V, the number of electrons undergoing collisions per unit area per second in a distance dx
is given by . Since v = ~ , integrating both sides givesdt dt
= N^e~^^electrons I
where N is the density of the gas molecules and No the electron density at x = 0. This is 
the beam density at any distance x. By multiplying both sides by the electron charge and 
velocity, the current density as a function of distance is found to be
7. ==jr
2.3.1.3 Production of electrons
The primary ionising process involves the bombardment of atoms or molecules by 
electrons, and therefore any ion source needs a supply of fiee electrons and a process of 
accelerating them to the energies required to cause ionisation.
In the discharges of present interest, the primary source of electrons is thermionic 
emission fi-om an indirectly heated tungsten cathode. Once the discharge has started, 
secondary electrons firom the impact of ions on the cathode also play a role. The 
equilibrium electron density (and ion density in a quasi neutral plasma) is determined by 
the balance between overall electron production rate that includes primary electrons, 
secondary electrons and firee electrons generated in ionisation processes in the gas phase, 
and the loss rate.
Electron impact:
This is the most important mechanism for sustaining the glow discharge.
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The probability of creating a free election from the primary impact of an electron on an 
atom depends on the incident energy of the electrons. When the kinetic energy of an 
electron in collision with a neutral gas molecule exceeds the ionisation energy of the 
molecule, ionisation occurs, resulting in a positive ion and two slow electrons.
For example e + Ar -^2 e  + Ar^
The two electrons produced can then be accelerated by an electric field, until they produce 
further ionisation. The rate of occurrence of this process is proportional to the 
concentration of the colliding electrons i.e., the rate of ionisation is directly proportional 
to the current.
2.3.2 DC discharges.
Discharges are classified as dc discharges, ac discharges or pulsed discharges on the basis 
of the temporal behaviour of the sustaining electric field [2]. The spatial and temporal 
characteristics of a plasma depend on the particular application for which the plasma will 
be used. The main types of discharges used in materials processing are DC, RF, and 
microwave discharges. As the source used in the study utilises a DC discharge, the rest of 
the section will be used to discuss this type of dischaige in more detail.
The overall I-V characteristic of a dc discharge is complex and takes the form of the curve 
shown in Figuie 2.3.
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Figure 2.3: I-V  Characteristic o f  a discharge and distribution o f voltage in an arc discharge (on the
right) [3]
The initial breakdown occurs at a voltage that depends on pressure, gas species, electrode 
geometry and material. It is an important consideration not only for the source plasma but 
also for the design of high voltage lens elements in the extraction region where unwanted 
breakdown is a major problem. A useful law that relates the breakdown voltage to the gas 
pressure, p and electrode spacing, d is Paschen’s law.
V B  =  f ( p d ) (2.8)
If the breakdown voltage is plotted against the product (pd) as shown in Figure 2.4, there 
is a minimum in the curve which represents the minimum sparking or breakdown voltage
at a particular value of pd. The curve shows the ratio p d , falls continuously as 
pd increases, where Eg is the electiic field at the static sparking potential.
B
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Figure 2.4: Variation o f breakdown voltage, for uniform field [4]
For a given electrode spacing this law implies that breakdown is less likely at both high 
and low gas pressures. The reason being that for pd > (pd)min, the number of collisions 
made by an electron in crossing the gap is higher than at the minimum, but the energy 
gained between collisions and hence the possibility of ionisation at a collision is much 
lower, unless the voltage is increased. For pd < (pd)nûn, the reverse holds, and as the mean 
free path increases, fewer collisions occur in the gap and the breakdown voltage increases. 
Thus, the broad minimum for the value of Vb results from competition between collision 
frequency and the energy gained by charged pai'ticles between collisions, bearing in mind 
that ionising collision is energy dependent.
With an electrode separation of approximately 7.5cm, and the pressures calculated in 
section 2.2.1, the source discharge operates at a point less than pdmin- 
( (2 .5 1  X10"  ^torr)x 7.5cm = .016mbm' cm). This is as expected, as source plasmas operate 
in the abnormal glow region of the glow discharge chaiacteristic curve. In this region, the 
cathode fall is forced to assume the conditions at breakdown, which lie to the left of the 
Paschen minimum [4]. This means the source operation is in a pressure region below the 
optimum for breakdown (i.e breakdown is less likely). At low pressures, the mean free 
path of the electrons increase, which means that more energy is gained by the electrons 
between collisions but fewer collisions occur, hence the breakdown voltage increases.
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Following breakdown, the increase in cuiTent at constant voltage is consistent with the 
condition that the current flowing is proportional to the cross-sectional area of the 
dischaige, provided the electrode surfaces aie not fully covered with the glow i.e. the 
current density remains constant. In these conditions, the discharge is called the normal 
glow dischaige. The normal glow discharge is space chaige controlled, because the 
phenomena observed only occur when there exists an adequate discharge current, and 
therefore a critical current density.
When the glow has covered the electrodes and reaches their edges, a ftuflier increase in 
cunent produces an increase in the potential difference. The discharge here is called the 
abnormal glow (because the glow near the cathode becomes brighter). This is the type of 
dc dischaige used in glow discharge processes and is the regime in which the ion source 
of current interest operates. The bri^itness at the cathode continues to increase with 
increase of current, and the glow there becomes less uniform, until the discharge voltage 
veiy rapidly collapses. The process of voltage collapse is the glow-to-arc transition as the 
glow discharge, rapidly and apparently uncontrollably, passes into a thermionic arc 
discharge.
Following the sharp increase in cuirent, which takes place at breakdown as, described 
above, the self-sustaining discharge, which results can have several forms [5]. In the 
discharges of present interest, the main plasma from which ions are extracted is 
effectively the negative glow region, and the voltage distribution is as shown in Figure 2.3 
(right hand side).
2.4 Plasma Processes: De-ionisation
The equilibrium charged particle density in a plasma is achieved when the rates of 
production and loss are equal. Depending on the nature of the rate limiting loss process, 
the walls sunounding an ionised gas, may play a vital role. In the discharges of cuirent 
interest, two body and three-body recombination in the volume of the discharge are low 
probability processes (two body is always low), and diffusion to the walls where the 
surface provides the third body for recombination is the main loss process. This is 
considered in more detail in Figure 2.5.
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bO
Figure 2.5: Schematic diagram of possible deionisation processes [5]
2,4.1 Recombination (Neutralisation)
This is the inverse of ionisation. There are several ways, in which this can occur. Those 
most relevant to the study are described below.
Electron-ion:
Neutralisation takes place by the combination of a positive ion with either a free electron, 
or an excess election in a negative ion. J.J Thompson called these processes 
recombination. Recombination only occurs with slow electrons, and according to the 
Maxwellian distribution of energies, a small number of electrons are available to 
recombine with positive ions.
e~ + A^
To conserve momentum, a third body must be present. If this third body is an emitted 
photon, the process is called radiative recombination, and if it is a particle, the process is 
called three-body recombination.
The continuity equation can be wiitten, ÈL -  -fxn n. = -an^dt  ^ '
where —  is the rate, the constant of propoifronality a  is the recombination coefficient. dt
After the density has fallen far below its initial value, it decays reciprocally with time (i.e.
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n is proportional to 1/ at). It can be shown that the recombination coefficient increases as 
kTe decreases.
The three types of electron-ion recombination are mentioned below:
Radiative recombination takes place when a positive ion recombines with an electron, 
provided the ion is either monatomic or a molecule, that does not dissociate upon 
recombination. The excess energy during the coalescence is carried away by radiation.
Collisional radiative recombination is an effective process under some conditions.
hi Dissociative recombination an electron of adequate kinetic energy will neutralise a 
molecular ion and cause it to separate into two or more neutral atoms. This process can be 
regai ned as the inverse reaction of the ionisation process.
Ax2  ^+e"= Ar+Ar*. A typical value for the dissociative recombination coefficient of Axi 
is 7x l0 “^ cm^/sec [g]
The Three-body recombination process may take place when two heavy particles and an 
electron collide, or when two electrons collide with an atom. This is less likely to be the 
case in this study due to the operating pressure regime. A two-body coalescence is also 
not possible as explained below [7]:
Conservation of momentum: mv = (m+M)u 
Conservation of energy: ^  (m+ M)u ^  -  Uf
where the electron has a mass m and velocity v, relative to the ion mass of mass M, before 
recombination, u is their joint velocity after coalescence. The potential energy of the atom 
has decreased by Ui, the relevant ionisation energy,
1 f  m + M ^Eliminating v, — m \  w = — (m + M)u -  C7.2
Therefore = ----- — , but since Ui, m and M are positive, only an unreal solution
for u is yielded. This is an indication that 2 body recombination is a very low probability 
process.
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lon-Ion:
The ion-ion recombination is a two stage process due to the fact the electron attaches to a 
neutral to form the negative ion, which then collides with the positive ion. The electron 
transfers, and two neutrals are formed.
The recombination of two ions of the same gas, but different polarities, is much less likely 
to occur than the recombination of a positive ion with a free electron. This is due to the 
fact that a two-body coalescence is not possible as explained earlier.
The nature of recombination depends on the concentration of both the ions and neutral 
molecules. The ions are responsible for the coulombic forces, and the neutral particle 
density governs the frequency of collisions and mean free path in the gas.
Under appropriate circumstances, three-body and collisional radiative recombination 
processes, which have higher cross-sections, occur. At the pressures used, 2-body (as 
shown above), and 3-body recombination are not likely.
Although, they do not directly affect the source plasma, electron-electron collisions can 
enable electrons to cross magnetic field lines via the resulting scattering. This will affect 
the effectiveness of the confinement and hence the overall ionisation efficiency.
2.4.2 Diffusion
Whenever there is a gradient in the density of a neutral gas, the random motion of the 
particles results in a net flow down the gradient. This process is called diffusion, and in a 
neutral gas, is impeded by collisions. Diffusion is basically the process by which the 
condition of equilibrium is reached, and the origin of this motion is purely a thermal one.
The flux of particles per unit aiea per unit time is equal to the product of the particle 
density, n and the mean velocity, <v> of the particles. Therefore, the resultant flux, F , of 
particles caused by a density gradient, is a measure of the diffusion coefficient D, given by 
[8],
T = n(y) ——— {Dn) dx
25
Chapter 2. Theoretical considerations
dnwhere —  is the diffusion gradient. This is known as Pick’s law of diffusion. The dx
negative sign indicates the motion occurs in the direction of decreasing concentration. The 
resultant ion and electron cuiTcnt densities in the presence of the diffusion gradient can be
written as = -~eD^  and j\  -  ~eD^ respectively, as D is independent of x. dx dx
From kinetic theory,
£). (2.10)
3 TMVg T
where are the ion and electron mean free paths. For argon at 300K, c is 398.46ms'\
/I. at 2A5xlO~^mbar is 7.5cm, hence, Di = 9.96mV^ Since c oc D. oc T '^ . Using 
equation (2.10, the dependence of De on gas temperature and pressui e is the same as for 
Di, therefore, D@ (%g= 30cm) is found to be 1.08 x lO'^m^^” .^
The rate of plasma loss by diffusion can be decreased by a magnetic field, which is used 
to prevent the free streaming of plasma particles, particularly electrons (which enhance 
diffusion in inhomogeneous neutral gases). Collisions can sometimes also cause diffusion 
in a plasma in a magnetic field, because the collisions allow the particles the freedom to 
cross (diffuse across) the magnetic field. This can only happen if there is a transverse 
density gradient of particles. D in this case is given by
=  (2.11)cot mcoi r
where is the frequency of collisions of ions with neutrals and co ,^ the electron
eBcyclotron frequency given by — . B is the magnetic field (in Tesla), and co under them
standard operating conditions in the study is 1 .2xl0^s'\ can also be written as 
D , where the term co^ t is an important parameter in plasma confinement, x is the
mean time between collisions. When û?^ t^((1, the magnetic field has little effect on 
diffusion, whereas when this value is greater than 1, the magnetic field significantly 
retards the rate of diffusion, is generally at least 2000 times smaller for ions than
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for electrons so is decreased severely only for large magnetic fields. The effect of 
magnetic field on the probe characteristics also has an dependence.
Parallel diffusion as given by equation 2.12, shows tliat diffiision is a random walk 
process given by a step length X (mean free path), whereas perpendicular diffusion as 
given by equation (2.11, is a random walk process given by a step length r i  (Laimor 
radius).
Bohm [9] proposed the collective processes in a plasma, such as instabilities, might lead 
to
D,^  16eS ^
Diffusion proportional to is called Bohm diffusion, Dg. Bohm diffusion is obtained by
Vassuming —^  « 1. When this is the case, a particle moves due to collisions, a distance
Iu m ( 2E^''across the field equal to its Laimor radius, r^  ~ —  = —  —  (m), each cyclotron^ \ m  )
2
o^ c eB
period. In the presence of a magnetic field, the Larmor radius, which is equivalent to the 
mean free path (used for the magnetic-field-free diffusion), is used to determine the 
distance between collisions.
hi the absence of magnetic fields, D for a plasma of ions and electrons is altered by the 
electrical properties of the plasma. Electron mobility is gieater than ion mobility, and 
hence De will be much greater than Di as is seen from the calculations made with equation 
(2.10 above. Initially in the region of concentration gradient, electrons stream out much 
faster than ions, but the departure of the electrons leaves the rest of tlie plasma more 
positive. This causes a charge-separation (restiaining) electric field, which acts to retard 
the diffusion of electrons and enhance the diffiision of ions, in order to equalise the 
diffusion rates and maintain charge neutrality. The enlianced diffusion of ions is called 
amhipolar diffusion i.e. the collective behavioui" of ions and electrons causes tliem to have
the same diffusion coefficient. Einstein’s relation, ~  = ~  = shows that thep  e Ne
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diffusion coefficient and the mobility, p , are related by temperature. This does not apply 
to electrons, as they drift with velocities that are not proportional to the applied field, and 
their mean free path depends on their speed.
The ambipolar diffiision coefficient Da is therefore given by [10]
D„ =D. (2.1S)
Using the same values from above, i.e. for argon at 300K, c is 398.46ms'\ at
2.15'x.\0~^mbar is 7.5cm, hence, Di = 9.96mV^, and taking Tgi (as ambipolar diffusion 
is determined by the slow electrons [11]), as 2eV (23200K), Da is found to be 780m^s'\
Following on from this, the ambipolar lifetime [11], Xa = A /^Da, where A, the diffiision 
length = 2.6x10'^m (as calculated earlier in the chapter). Therefore Xa = 8.7xl0’^ s^.
Ambipolar diffiision applies when the concentiation of chaiges is large (i.e. at high 
pressure). However, it cannot apply when the degree of ionisation is very high (i.e. when 
the number of neutial particles is so small that collisions between ions and electrons 
exceed those with neutral paiticles). Basically, ambipolar diffusion decreases as pressure 
is increased, and as moleculai* weight is increased [12]. At low pressuie, diffusion ceases 
to occur due to the fact wall collisions are greater tlian volume collisions, and ambipolar 
diffusion is replaced by free-fall in a space charge field.
The effect of the magnetic field is to reduce the effective diffusion rate of the electrons 
and hence change the ambipolar conditions. The transition from free to ambipolar 
conditions occuis ai'ound an ion density of lO^^m'  ^[13].
Diffusion accounts for the largest loss of ionised paificles, especially when the electrode 
separation is not too small. In glow discharges confined by walls, especially when the 
pressure is low, the electrons and ions are subject to radial diffusion to the walls and thus 
affect the equilibrium of the discharge (Figure 2.6). The ion and election distributions in 
the plasma are governed by the nature of this dominant loss process, and this distribution 
is important from the point of view of ion extraction.
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The plasma is maintained against diffusion losses by the heat source that keeps the 
electron temperature at its constant value, and by a small influx of neutral atoms to 
replenish those that are ionised [8].
When the density is high, recombination which is proportional to n  ^is dominant, and the 
density decays reciprocally. After the density has reached a low value, diffusion becomes 
dominant, and the decay is exponential (Figure 2.6).
P = 1 To IT, 
A = 1 cm *1iI s:
--3 eV 
. - 10eV
ELECTRON DENSITY (c n f  )
14
Figure 2.6: Comparison o f  diffusion and recombination losses [13]
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Chapter 3
3 Plasma based ion source considerations
3.1 Introduction: Plasma Characteristics
Plasma based ion source considerations aie discussed in the body of the thesis and, for 
completeness, beam based considerations are in appendix A.
Historically, ion sources for ion implantation have been developed to optimise the 
production of a limited number of key dopant species such as B’*', P^ and As"*". It has been 
established empirically that the flux of ions of any specific species that can be extracted 
firom the source plasma may be sensitive to the gas or vapour feed rate, and the material 
fi'om which the inner walls of the discharge chamber are fabricated. This indicates that 
both gas phase and surface processes may be important and that plasma and plasma-wall 
interactions need to be considered when designing a source for any specific species.
To date, these considerations, together with the need to achieve long source lifetimes and 
commercially viable levels of reliability and stability, have dominated source 
development and, almost unavoidably in view of commercial pressure, have led to a 
h i ^ y  empirical approach to source optimisation. As a result, there is a distinct lack of 
both qualitative and quantitative data relating to the fundamental processes occurring in 
the source plasma.
From the point of view of the current project, it was essential to characterise the plasma in 
a scientifically meaningful and technologically useful way. Although plasmas created in 
different materials may differ in terms of their mode of creation and the nature of the 
dominant electron and ion loss processes, there are several parameters that enable any 
plasma to be characterised effectively. Tlie plasma density, and electron and ion 
temperatures aie the basic parameters of interest since they dictate the magnitude of the
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flux of ions available, and the fundamental quality of the extiacted beam. These 
pai’ameters enable characteristic features such as the plasma potential, Debye length and 
plasma frequency to be extracted. In the presence of magnetic fields, the ion and electron 
cyclotron frequencies aie also of interest. In this chapter, the basic parameters used to 
describe the plasma will be explained in order to provide a basis for a more quantitative 
consideration of the factors that affect soui'ce performance.
The most basic parameter used to describe a plasma is the plasma density. This refers 
specifically to the ion and electron densities, but the neutral particle density is also 
important. Therefore there is a plasma electron density n^ a plasma ion density, ni, and a 
neutral particle density n„. In the ion source of interest, the plasma density (meaning the 
charged paiticle density) is in the range 10 °^ to lO^^cm' .^ The plasma is quasi-neutral, i.e. 
be -  Ui |< Ue or iij. The plasma cannot depart fr om quasi-neuti*ality because very intense 
electric fields would occur to re-establish this condition. This situation continues 
tliroughout the plasma, as long as, the Debye length is much smaller than the plasma 
dimensions. The Debye length is explained in more detail in section 3.1.3.
3.1.1 Electron and Ion temperature
Due to different mean fiee paths and chaiged particle lifetimes, and poor elastic energy 
transfer between ions and elections, the election and ion temperatures may differ 
considerably. In general, Te>Ti due to the inefficient energy transfer between electrons 
and ions. In the present study, the electron temperature vaiies between 1.3eV and 17eV 
depending on the operating conditions, whereas, the ion temperatuie varies between 
0.004eV and 0.05eV.
When a magnetic field, B, is present, even a single species can have two temperatures due 
to the different forces acting parallel to and perpendiculai* to B (different because of the 
Lorentz force). The components of velocity parallel and perpendicular to B may then 
belong to different Maxwellian distributions with temperatures 7^ and T//. For the 
magnetic fields in the IHC sources (approximately 100 gauss i.e. 0.0IT), the ions aie not 
affected very much.
The processes occurring in the plasma depend stiongly on the source material but electron 
impact ionisation and excitation, relaxation, recombination, diffusion, attachment, charge 
exchange and ion-molecule reaction may occur. In order to maintain a steady state of
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electrons and ions, the electron production and loss processes must be balanced. This 
inevitably requires an external energy source (an electiic field which can act directly on 
the charged particles only).
In addition to gaining energy fiom the field, botli the ions and electrons lose energy in 
collisions. At very low electron energies, only elastic collisions with atoms occur and due 
to the large mass difference, the energy transfer is minimal. From the dischaige point of 
view, the main function of the field is to give energy to the elections and when they have 
an energy that exceeds the excitation or ionisation potential of an atom, inelastic 
collisions can occur leading in the case of ionisation, to the production of additional 
electrons and ions. In contrast, the neutral atoms and ions share their energy efficiently in 
elastic collision processes in the gas phase and at the walls of the chamber. The net result 
is that in many plasmas, the electrons can have a liigh average kinetic energy 
(approximately 1-16eV in an argon discharge), as observed in the present study. The ions 
have an average energy a bit higher than that of the neutrals (approximately 0.005-0.07eV 
is observed in the present study). The neutral molecules gain energy only by collisions 
with ions and electrons, and remain essentially at room temperature. Hence (Ti « Tgas » 
Twaii)« Te. The electron temperatuie is obtained from the Langmuir probe characteristic. 
This is described in more detail in chapter 4 and 5.
The ion temperature is very important because it defines the transverse energy of the ions 
that form the beam, and hence deteimines the minimum emittance (measuie of beam 
quality) of any beam extracted fi'om the plasma. This is a vital feature of beam transport 
since in the absence of any other perturbations such as ion optical aberrations or space 
charge effects, it ultimately determines the maximum distance over which the beam can 
be transported onto a tai'get of a specific size.
3.1.1.1 Electron energy distribution function (eedf)
The Maxwell-Boltzmann distribution applies to an assembly of paiticles in complete 
thermal equilibrium. The electrons in the glow in the present study are in an equilibrium 
state with electron energy distributions tliat may be non-Maxwellian. As mentioned 
earlier, the electron temperature observed in the present study is much greater than the ion
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and neutral temperatures; this means die electrons aie m tiieimal non-equilibrium (i.e. it is 
not a thermal plasma).
The slower elections make elastic collisions only, while die electrons with energies above 
the excitation and ionisation thresholds lose a large fraction of their energy in inelastic 
collisions, as mentioned earlier. Fast elections are lost by diffusion to the walls, and 
recombination, and as a result, there is a transfer process of electrons from high to low 
energy states. Therefore, we expect fewer electrons with higher energies than the 
Maxwellian distiibution predicts. The form of the plasma electron energy distribution 
(eedf) is critical to the plasma conditions as these high energy electrons in the tail of the 
distribution are the primary source of ionisation in the plasma. The main energy input to 
the electrons in the glow is from the fast electrons from the cathode rather than from the 
weak electric field across the glow. Figuie 3.1 shows a theoretical plot of two electron 
energy (bi-Maxwellian) distributions plotted using the equation below [1]:
dN N'  (1 + a)
m % exp IkT +
qlN
(1 + a)
m
y27i/cr^2 J
Yi
exp
# 1  + # 2  = N  
a  =  ^
# 1  +  aN I  =  N  
# i ( l  + Ar) = W
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Figure 3.1: Theoretical plot showing two electron energy distributions
In non-Maxwellian electron energy distributions, tlie term electron temperature loses its 
normal meaning and the mean energy, E, becomes the appropriate parameter to use [2],
therefore ^  1  . In this study, a 2eV plasma means kTe = 2eV or E = 3eV.
2 "
It is shown in chapter 4 that the mean electron temperatuie in the plasma is reasonably 
straightforward to determine using a Langmuir probe system. The current-voltage 
characteristic of a Langmuir probe yields infoimation not only on the plasma potential 
and floating potential around the probe, but also on the temperature and density of 
electrons.
A method to measure the eedf was developed by Druyvesteyn in 1930. He showed that 
the eedf might be obtained from the second derivative of a Langmuir probe characteristic 
provided that the electron distiibution is isotropic. The Druyvesteyn function is given by 
[3]:
l e dV^
(3.1)
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where f{s )d s  = no. of electrons in the range £• to £* + , I = probe current, Ap = probe
collecting area and me = electron mass. V = Vp-Vpr where, Vpr = probe voltage, Vp = 
plasma potential. In the Druyvesteyn distribution, the number of electrons with energies 
greater than the most probable energy decreases faster than for the case of a Maxwellian 
distribution of equal Tg.
3.1.2 Plasma Potential
A plasma is defined as a quasi neutral region of ionised gas in which the electron and ion 
densities are equal i.e. |ug- n i |«  Ue or Ui. The degree of ionisation depends on several 
factors but some plasmas have Uj = Uneutrai- The plasmas in the present study are only 
10-30% ionised. The plasma is virtually electric field firee, except around perturbations, 
and hence is equipotential; this potential being the plasma potential Vp (also known as 
space potential). The plasma potential can be obtained firom the analysis of a Langmuir 
probe characteristic. Effectively, it is the point of discontinuity between the regions of 
electron retardation and electron acceleration. When the probe is at the plasma potential, 
there are no electric fields present and the charged particles migrate to the probe due to 
their own themial velocities.
When a small electrically isolated substrate (e.g. a Langmuir probe) is suspended in a 
plasma, it will initially be struck by electrons and ions with current densities (i.e. charge 
fluxes) given by [6]
. , . en^ CfJe = —T -  and j, = — - ,  where ^ = 8/cr’ . A sheath of the order of a Debye length
Tim
will form around any object inserted into a plasma, creating a transition firom plasma to 
surface in the sheath region, as explained below, is much larger than c,., and hence 
J e ) ) Ji • Consequently, the substrate will immediately start to build a negative charge, and 
therefore negative potential with respect to the plasma, thus disturbing the random 
motions of the ions and electrons in the region of the object. Electrons are repelled and 
ions attracted, leading to a decrease in electron flux. Due to tlie charging of the substrate, 
a potential energy “hill” develops in front of the substrate as shown in Figure 3.2. The 
ions travel downhill firom the plasma to the substrate, whereas the electrons travel uphill,
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so that only those electrons with enough initial kinetic energy will make it to the 
substi'ate. Hence, only electrons that enter the sheath with kinetic energies in excess of 
e(Vp-Vf) will reach the substrate.
Sheath
Transition
region
Figure 3.2: Variation o f  potential energies o f electrons and positive ions in the vicinity o f an electrically
floating substrate [6J.
The object continues to charge negatively until the electron flux is reduced by repulsion 
just enough to balance the ion flux; it is then at the floating potential, Vf. The floating 
potential Vf is the potential that an isolated probe would reach if immersed in a discharge. 
It is such as to repel elections, meaning V f < Vp. If the chamber walls are conducting and 
referenced to some potential, the sheath talces cai*e of the transition fi-om plasma to wall.
kTThe floating potential is given by - —^ I n m.2%m
%
and is generally negative with
C J
respect to the plasma potential. It can also be obtained from the Langmuir probe 
characteristic, and is the point at which the current is zero. Once the floating potential and 
electron temperature are known, the plasma potential can also be obtained by
Vf -Vp  = i r g l n ^ — . For an argon discharge, the values obtained for a variation of
plasma and floating potential with pressure, in this study are shown in Table 3.1.
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Table 3.1: Variation ofplasma and floating potential with pressure
Flow rate (seem) Plasma Potential, Vp (V) Floating potential, Vf (V)
0.6 8.61 -18.7
1 7.54 -5.68
1.4 7.44 -3.02
1.9 6.78 -2.14
The voltage across the sheath (Vp ~Vf) and Vp clearly fall as the pressure increases. This 
is consistent with an increase in the electron atom collision frequency, and a drop in 
electron temperature. The voltage across the sheath directly influences the energy with 
which the ion stiikes the substrate. The ion enters the sheath with low energy, and is then 
accelerated by the sheath voltage, and with the absence of any collisions, stiikes the 
substrate with a kinetic energy equivalent to the sheath voltage.
3.1.3 Sheath formation (Debye shielding)
There is a length which defines the distance over which the electiic field of a test particle 
extends known as the screening distance i.e. tlie distance it takes for the plasma to shield 
itself fr om an applied electric field. This concept also holds for electric fields that are 
applied to the plasma from an external source, which only penetrate the plasma for a short 
distance. The local density of field particles is redistiibuted so as to cancel the applied 
field, which is weakened exponentially over a distance determined by the plasma 
parameters.
As mentioned in section 3.1.2, a sheatli of the ordei- of a Debye length (screening 
distance) will form around any object inserted into a plasma, creating a transition from 
plasma to surface in the sheath region. The charge acquired around the object is called a 
space charge, and in the context of glow discharge plasmas, forms a sheath.
Poisson’s equation relates variation of potential V with distance x across regions of net 
space charge [5]:
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=  (3.2)
dx^ Sq
where p  is the space charge density ( p - e  (ni-ne(x)), and Sq the permittivity of free space.
dVSince electric field E is given by E = > and we know that the electric field across a
gap changes as we go through regions of space charge, then ^  = — .dx 8^
If the sheath acquires a net positive charge, the election density decreases in the sheath 
and hence it does not glow as much as the plasma. The glow intensity which is caused by 
the relaxation of atoms excited by electron impact, as mentioned above, depends on the 
number density and energy of the exciting electrons. The substrate along with all objects 
in contact with the plasma, is surrounded by a dai*k space.
The screening distance mentioned above is better known as the Debye length.
For any charge within a gas, the electiic field E(r) varies with radius r according to 
Coulomb’s law:
jE'(r) = ± —  ^and the associated potential is E(r) = ± ^
Since each charge in a plasma affects the distribution of charges in the sunounding area, a
charge screening effect is created such that F(r) -  ± — - — exp4nsQr y
Therefore, assuming a large number of neighbouring particles so that the electric field can 
be taken as a continuous fimction of distance, the shielding distance deduced by Debye is
Af = J  "2  ^  ^ [6] where Te is the election temperature (kTe in eV), lie is the plasmaV e e
electron density (paificles/cm ), k is Boltzmann’s constant, and is the Debye length in 
cm. A useful form of expressing the Debye length is
m m (3.3)
where Te is in K, lie is in particles/m .
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At one of the standard pressures (used for many experiments with an argon discharge in 
the present study) of 2.15xl0"^mbar, and a source magnet current of 5A, an electron 
temperature of 4.69eV was obtained with an electron density of 2 x 10^^m"^ . This gives a 
Debye length of 3 .6x l0 “^ m. With no magnetic field present, a higher electron 
temperature of 16.6eV is obtained with a lower density of 5.27 x , giving a greater
shielding length of 1.32 x 10"^m.
The Debye shielding is only valid if there ar e enough particles in the charge cloud. The 
number of particles in a Debye sphere is therefore given by
4 ^Njy = n —nX^ =1.38x10 —^  (T in K). At a source magnet current of 5A, Nd = 3
3.9 xlfr* particles per m ,^ whilst with no source field, Nd = 5.1 x 10^particles per m .^ The 
significance of the number of particles on the shielding efficiency is explained below.
Debye shielding reduces the forces of repulsion between ions and independently between 
electrons. The Debye radius is a function of temperature and density as can be seen from 
equation 3.3. Therefore for a higher temperature, in which the motion is greater and the 
shielding less effective, the Debye radius becomes larger, whereas for a denser plasma, in 
which the shielding is more effective, the Debye radius becomes smaller. The increase in 
temperature causes the plasma pressui'e to increase (due to the fact Pressure = Density 
X Temperature), which compels the plasma to expand. The Coulomb force holds the 
plasma together, and therefore without thermal motion (i.e. no pressure), the charge 
around an ion would collapse.
Bohm in 1949 established conditions under which a stable sheath can be formed. He 
showed from first principles that the ions must reach the sheath edge with an average 
kinetic energy of about half that of the average electron energy for a stable sheath to be
1 1formed. In other words, — m^vf = — kT^, where Te = electron temperature.
Therefore for a stable sheath.
40
Chapter 3: Plasma based ton source considerations
V, =
kT. ^2
I
(3.4)
Equation (3.4) shows that the natur e of sheath formation depends on electron temperature 
(kinetic energy), within the plasma. The overall neutrality in a plasma can only be 
maintained if the Debye length is small compared with the physical size of the plasma 
region.
3.1.4 Plasma Frequency, o)p
The plasma frequency is often used as a means of specifying tire electron density in a 
plasma. It is also a measure of the length of time required for an electron or ion moving 
with thermal speed to travel a Debye length.
The most fundamental and important natural modes of oscillation of a plasma, are the 
electron and ion plasma oscillations. The existence of plasma oscillations has been known 
since the days of Langmuir in the 1920s. hr 1949, Bohm and Gross worked out a detailed 
theory of how the waves would propagate and how they could be excited.
If the plasma is perturbed from neutrality, there will be large restoring forces (which are 
proportional to displacement) striving to re-establish charge neutrality. Because of their 
inertia, the electrons will overshoot, and oscillate around their equilibrium position, with a 
characteristic frequency known as the plasma frequency, given by [6]:
f t#
Tlie oscillations are so fast that the heavy ions do not have time to respond, and hence 
may be considered to be fixed. Under some circumstances, the ions can oscillate, and the
natural frequency with which the ions oscillate is given hy ^  ^ where Q is the
ion charge state (ion charge = eQ).
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3.1.5 Effects of Magnetic field
Any moving charged particle is affected by a magnetic field, and this can have an effect 
on gas breakdown, since the drift motion of electrons not travelling parallel to the field is 
significantly influenced by the magnetic field. From an ion source point of view, the 
presence of a magnetic field can lead to increased densities (higher beam currents), due to 
the extended electron lifetimes. However, the electron oscillations introduce noise (hash) 
into the beam and reduce its ability to space charge neutralise.
The main effect of the magnetic field is to hinder tlie motion of electrons (and ions to a 
lesser extent) across the field, whilst leaving their motion along the field unhindered.
A particle with charge e, in motion with velocity, Vj^ , perpendicular to the magnetic field 
stiength, B, will experience a force on it that is perpendicular to both the particle velocity 
and the magnetic field (F = Bevj^ = v x B)
The force gives rise to a circular motion. The direction of the orbit is such that the 
magnetic field generated by the charged particle is opposite to the externally imposed 
field. Plasma particles tend to reduce the magnetic field.
eBThe angular* velocity of the orbital motion is (d^ -  — , where is the cyclotronm
Jfrequency for mass, m. The radius of rotation, as mentioned in chapter 2 will be
.  = l L  = ^  (3.6)
(0, eB
This is the Larmor radius.
For an electron energy of 3eV, and a B field of 3000gauss (0.3T), = 0.019mm. They
leave these circles either by collision with other particles or because electric fields create 
rapid flow at right angles to both electric and magnetic fields.
Any component of velocity wliich is parallel to the magnetic flux density, will be 
unaffected by the magnetic field, therefore tlie combined motion is a helix of constant
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pitch with axis pointing in the direction of the field. The charge will have a velocity 
component, normal to the magnetic field. If an electric field, E is applied perpendicular to 
the magnetic field, B, the resulting motion is a helix along an axis perpendicular to both E 
and B. Also, if there is a component of E along that of B, there will be a drift in that 
direction. Thus, the spiralling of electrons caused by a magnetic flux density gives an 
increased path length for an electron moving from cathode to anode (Penning trap). This 
increases its collision probability (ionisation efficiency), thereby enabling a greater ion 
density to be produced in the discharge for any given primary electron emission. The 
cracking efficiency of the molecular feed gases is also increased, probably by the 
occurrence of multiple collisions.
The effect of the magnetic field on the electron temperature is primarily via a reduction in
mthe effective mean firee path of the electrons [4], = —  —  (m) therefore.eB
IA tP  .r, = -----—  rnm (3.7)
Ignoring the effects of plasma oscillations, the mean free path of the electron in the plane 
transverse to the magnetic field, is of the same order as the Larmor radius. The 
importance of inelastic collisions will be increased by an increase of the field.
3,2 Electrode/Surface processes
hr any dc or rf  source, where the distance travelled by the electrons in a half cycle is 
greater than the container dimensions, surface processes play a significant role in 
sustaining the plasma, and determining the nature of the ion species present when 
molecular feed material is used. The primary source of electrons in a hot cathode dc 
discharge as is the case in this study, is thermionic emission, but secondary emission due 
to ion and electron impact on surfaces is also important.
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The impact processes mentioned below are very important, because they contribute 
electrons to the discharge, as well as help to counter electron loss. The plasma is more 
positive than the potential of any surface in the discharge, and therefore the action of the 
sheath is to accelerate electrons from the surface into the glow, thereby providing the 
discharge with electrons and energy.
The details of loss processes for electrons and ions at electrodes, is complicated by 
secondary electron emission from the smfaces, which would change the net current to the 
surface or modify its floating potential. Most secondary electrons are from the cathode 
since ions hit the cathode with approximately the arc voltage energy i.e. e(Vmc+ Vp). The 
electrons are then accelerated just like the primaries.
Electrons from the plasma hit the anode (walls) with approximately eVp, and hence the 
yield is low. However, some electrons do reach the walls with higher energies. In the 
IHC, the anticathode turns back the electrons that get th rou^  the plasma.
3.2,1 Thermionic emission
This is the most common method of producing a large supply of electrons. The current 
density, J (Acm"^) from a hot surface such as a filament, is dependent on temperature as 
given by the Richardson-Dushman equation [11]:
7, = exp - e ^ (3.8)
where A is a constant, k is Boltzmann’s constant, T is the absolute temperature, ^ is the 
work function of the sur face of the material, e is the electronic charge [5]. e^ for most 
refractory metals is between 4 and 5eV, suggesting that temperatures well over 2000K are 
required to produce electron emission. Oxide coated filaments have lower work function 
(approximately leV), but they are not appropriate for use in ion sources, where filaments 
are subjected to considerable positive ion bombardment and poisoning. The active gases 
such as BFs, react and ruin the low work function behaviour by poisoning the filament. 
Thus in filament driven ion sources great attention needs to be paid to filament design and 
its power supply if efficiency and lifetime are to be optimised.
Since tungsten is the material used for the cathode in this case, ^  = 4.5V; the constant
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A = 70amps/cm . We assume the working temperature of the tungsten during emission is
4.52500K (11600K = leV). Therefore, = 70(2500)^ exp 0.2155 = 0.37amps/cm
However, this maximum is often not achievable because of space charge. The 
electrostatic mutual repulsion effect of electrons leaving the cathode surface screens the 
extracting electric field and inhibits the emission to the space charge limited current. With 
the cathode in the arc chamber, the positive ions that are attracted to the cathode tend to 
neutralise the negative space charge of the electrons to allow for a significantly h i^ e r  
election current to leave the cathode.
A cuirent density of 0.37amps/cm^, means that net cun*ents of 1.2x10^^ ions/cm^ and
1.2 X10^  ^electrons/cm^ are flowing to the cathode and anode respectively every second.
The Indirectly Heated Cathode (IHC) consists of a cylindrical tungsten cathode that is 
heated by electron bombardment fi*om a filament mounted inside the cathode. Since the 
filament operates in a much lower pressure environment where there is no discharge, (i.e. 
inside the cathode button), it does not experience ion sputtering and can achieve longer 
lifetimes. Because of its bulk, the IHC tolerates higher ai'c voltages without the 
unacceptable lifetime implications associated with increased sputtering.
3.2.2 Electron impact
Electrons in the range lOOeV to IkeV are the most efficient in producing secondary 
electrons at the anode surface.
The secondary emission coefficient S  depends very strongly on the state of the surface. 
When the discharge tube is started up for the first time, the adsorbed layers lead to a high 
Ô approximately equal to 5 or more for higher electron energies. As it cleans up, it drops 
to a stable value characteristic of the chamber material; values of 1-2 are typical of 
metals.
A typical energy distribution of the electr ons leaving a surface during energetic electron 
bombardment is shown in Figure 3.3. It comprises elastically reflected primaries, 
inelastically reflected primaries and true secondary electrons. Although the secondary
45
Chapter 3: Plasma based ion source considerations
electron energies peak at about 10-20V, a significant component of them lie in the energy 
region above the first ionisation and excitation levels of many gaseous species. These 
electrons are capable of contributing significantly to the overall discharge characteristics.
1(E)
5 0 100 
E (eV)
150
Figure 3.3: The energy distribution o f secondary electrons emitted by silver (Rudberg 1930,1934); a- 
elastically reflected primaries, b-inelastically reflected primaries, c-true secondaries [6],
Table 3.2 shows some values of J  max and corresponding bombardment energies for 
different materials.
Table 3.2: Maximum values o f Secondary electron emission coefficients, ô
m^ax Energy (eV) for 0^^
Mo 1.3 350
W 1.5 500
MgO 7.2 1100
Oxide cathode BaOSrO 5-12 1400
The secondary electron coefficient depends on the energy of the bombarding electrons, 
and on the presence of contamination or surface adsorbed layers. Ô is typically unity for 
clean metals at about 300eV.
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3.2.3 Ion bombardment
In all discharges, the cathode is unavoidably exposed to a flux of positive ions with 
energies up to the full discharge voltage, or more precisely tlie voltage across the cathode 
fall. Charge exchange collision within this region leads to a spread in the energy of 
impact on the cathode. This bombardment results in sputtering, which is the main 
contributor to cathode erosion, and also causes secondary electron emission.
Despite the low energies involved, typically <100eV, sputtering yields are of the order of
0.1 atom per ion. The flux of ions is in the range lAcm"^ i.e. 6x10*®ions s‘^ cm“^  then 
erosion rates of approximately 1000 monolayers per second occur i.e. 3xlO"®ms'^
-3(1 monolayer w 10*^  atoms per cm  ^per second). Hence to erode 2mm would take
3x10
6x10* sec i.e. 17hrs, hence the need for large filaments or an IHC to prolong life.
The secondary electron emission fi*om the cathode enables constant overall emission to be 
obtained with slightly reduced direct power input. There is also some power delivered to 
the cathode (approximately tens to hundreds of watts depending on discharge voltage and 
current) due to the ion bombardment itself.
Kapitza [7] in 1923 suggested that the impact of high energy positive ions on a cathode 
surface, gave rise to intense local heating which therefore leads to the thermionic 
emission of electrons. Oliphant and Moon [8] confirmed in 1930 that the energy 
distribution of electrons produced by the positive ions was that to be expected if  the 
process was thermionic. At h i ^  ion energies, the grazing incidence leads to more energy 
deposition close to the surface, hence high yields. At the low energies in question, this 
effect is not so marked. At the low ion energies associated with source discharges, kinetic 
ejection processes are inefficient but, particularly for high ionisation potential ions (i.e. 
Ei>2(p), potential ejection in Auger type processes, as shown in
Figure 3.4, are possible and effective.
47
Chapter 3: Plasma based ion source considerations
V A C U U M  _  
L E V E L  ^  0
F E R M I
LEVEL +•
METAL
in e la s tic  
tu n n e ll in g  s u r  f a c  e
ATOM
Figure 3.4:Potential diagram for secondary emission under positive ion bombardment [9]
Figure 3.5 below, shows the effect of surface contamination for argon ion bombardment 
on tungsten.
7 , in electrons
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Figure 3.5: Secondary electron yield for argon ions on clean tungsten and on tungsten covered with a
monolayer o f nitrogen [ 6]
Variations of ; ,^.with surface conditions are important in dc sputtering, where the 
magnitude of y, plays a role in detennining the V-I characteristics of the discharge.
The secondary electrons due to ion bombardment to the chamber wall help to lower the 
plasma potential referred to the wall. This works to facilitate ion extraction at the slit. 
Secondary electrons also make the plasma density higher because they are accelerated by 
the electric field in the sheath and flow into the plasma to have energy corresponding to 
the plasma potential. This results in enhancing ionisation of neutr al molecules [10].
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3.3 Ion Extraction from a plasma
The extraction of ions from a source is achieved by biasing an electrode negatively with 
respect to the plasma. The plasma shields itself from any perturbation, and hence the 
negative electrode pushes the plasma back. This increases the effective shielding such that 
the resulting field is compatible with the ion current resulting from the Bohm criterion (as 
discussed below) and pre-sheath behaviour. The adjustment modifies this region because 
the electron flow is inhibited. In many, but not all cases, the ion current is space charge 
rather than plasma limited and Child’s law applies (Equation 3.9). The plasma will remain 
quasi-neutral and will shield itself from the extraction electrode. Since the plasma 
processes are unchanged, the flux of ions able to pass into the sheath should not be 
affected.
The shape and position of the emissive surface of the plasma will depend critically on the 
characteristics of the plasma and on the extraction field applied. The field reduces the 
space charge outside the plasma and increases the current up to the Child’s law limit for 
the extraction voltage used.
If a voltage is applied to the electrode, the thickness of the sheath will change, to allow 
the voltage to fall across the sheath (see Figure 3.6). Basically, the thickness of the sheath, 
d adjusts itself so that the space-charge limited current corr esponding to the voltage drop 
across the sheath is equal to the drift current striking the sheath, given by [6]:
where V is the extraction potential, mi is the ionic mass, and J the current density.
Thus the surface of the plasma remains an equipotential, but its position relative to the 
electrode may vary according to the potential difference applied. Ion beam extr action is 
described in greater detail in appendix A.
During ionisation, electrons quickly attain some approximate Maxwellian distribution by 
collisions, whereas ions can only gain kinetic energy from small fields created by ion- 
electron (Debye) separation within the plasma (considered macroscopically to be field 
free)
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Figure 3.6: Variation o f Voltage across sheath [11]
The source magnetic field affects beam extraction. The negative feature of high source 
magnetic field is that it creates higli frequency oscillations in the plasma, which tend to 
make the extracted beam noisy (hash). The ion beam quality degrades due to the 
oscillation, resulting in increased emittance and less effective space charge neutralisation 
along the beamline. This will affect low energy beam transport in particular. Low source 
magnet currents along with high arc cuirent and low arc voltage are favoui*able during 
soui'ce operation due to the fact that low arc volts tend to prolong the souice life. Lower 
source magnetic fields implies a lower ionisation and cracking efficiency, but this allows 
for increased extraction efficiency and beam quality (i.e. lower emittance and improved 
beam stability). All these issues that affect the beam quality aie discussed in appendix A.
50
Chapter 3: Plasma based ion source considerations
3.4 References
1 Chunshi Cui and R. W. Boswell, Appl. Phys Lett., 63 (17), 2330, 1993
2 B. Polychronopulos, Plasma Physics, 15, 37, 1972
3 A. Joyce, A versatile langmuir probe system. Faculty of Science of the Unviersity of 
Ulster, PhD thesis 2000
4 F. F Chen, Plasma Physics and controlled fusion Vol 1, Plenum press New York, 
1984.
5 I. Langmuir, The effect of space chai'ge and residual gases on thermionic currents in 
high, Phys. Rev., 2 (6), 450,1913
6 B. Chapman, Glow Discharge Processes, John Wiley and Sons Inc, 1980
7 P. L Kapitza, On the theory of radiation. Philosophical Magazine,45,989,1923
8 M. L. E Oliphant and P. B Moon,The liberation of electrons from metal surfaces by 
positive ions, Roy. Soc. Proc., A,127,388,1930
9 R. O Jenkins and W. G Trodden, Electron and Ion emission from solids, Routledge 
and Kegan Paul Ltd, 1965.
10 N. Sakudo et al. Enhancing B+ ion current by adding MgO to ,the chamber material 
of a microwave ion soui*ce,IIT,2000
11 K. G Stephens, Ion souice physics. Ion implantation Science and technology. 
Academic Press Inc, 1988
51
Chapter 4: Langmuir probe theory
Chapter 4
4 Langmuir probe theory
In this chapter, the main diagnostic used in this study is looked at in detail. A brief 
introduction outlines the purpose of the Langmuir probe and the conditions under which it 
can be used to extract useful information about the plasma. As the magnetic field plays an 
important role in sustaining the plasma and the higher density of electrons sought after, 
the effect of this field is discussed. The following two sections describe in detail the two 
different probe configurations used for the study, including a detailed explanation of the 
shape of the characteristics as well as the analysis used to determine the different plasma 
parameters. As with any technique, several complications arise which can hinder the 
correct collection and interpretation of the data, and the issues most relevant to the present 
study are discussed.
4.1 Introduction
The information provided by the probe (tlu'ougli analysis of the LV curve), is of 
considerable value in relating the electrical properties of the plasma to the ionisation and 
less directly, the molecular firactionation process occurring in the plasma. Introduced by 
Langmuir and colleagues in 1926 [1], Langmuir probes are one of the oldest and at first 
sight, simplest plasma diagnostic techniques. They have become a well established 
technique for the study of low pressure plasmas [2]. Swift and Schwar [3], as well as 
Chen [4] have written extensive reviews on the use of electrical probes for plasma 
diagnostics. Clements [5] and Thornton [6] have also written brief reviews on the use of 
Langmuir probes in collisionless plasmas which are of interest in sputtering applications.
Langmuir probes aie used for understanding, developing and characterising plasmas, in 
terms of parameters such as plasma density and electron and ion temperatures. The probe 
I-V characteristic contains information about densities of electrons, ne and ions, ni, 
temperature (aveiage energies) of electrons kTe aiid ions kTi, average frequency of
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plasma particle collisions v ,  plasma potential, floating potential, to name but a few 
parameters. From these fluid observables, other important parameters can be calculated, 
for example the electron velocity (energy) distribution functions [7]. Langmuir and Mott- 
Smith [1] have shown how in addition to electron temperature, probe data can yield 
values for election and ion densities. As there is no general theoiy describing the 
collection of charged paificles by a probe, the practical feasibility of extracting 
undisturbed plasma parameters depends strongly on the plasma conditions and probe 
construction.
As it is low-pressure plasmas that are of interest in the current work, certain assumptions 
were made [4]:
• Electron and ion concentrations are equal
• Electron and ion mean free paths are much larger than the probe radius
• Electron temperatuie is much larger than the ion temperature
• The probe radius is much larger than the Debye length
• There is a Maxwellian distribution of electron and positive ion velocities
The Langmuir probe consists of one or two electrodes inserted into a plasma. The probe 
geometry is an important factor, and planar, spherical, and cylindrical (simple tungsten 
wire) probes are in common use. In a single probe conflguiation [8,9], the cuixent 
collected by the electrode is measured as a function of the voltage between die electrode 
and a reference point at either the cathode or anode potential in dc plasma. In the double 
probe configuration [10,11,12], the voltage is applied between die two probes. Pulzara et 
al [13] have reported on the use of the double probe method for the measurement of 
electron density and temperature in a pulsed plasma system.
The region ai'ound the probe, between the probe and the plasma, can he divided into two 
regions [3], the sheath and the transition (pre-sheatii) region. The majority of the applied 
potential is dropped across the sheath, a region in which there are essentially only positive 
ions. The transition region is essentially charge neutral, the ionisation density is depressed 
from its value in the bulk of the plasma. The effect of the pre-sheath, is to increase the 
velocity of the ions entering the sheath. Essentially, the ions reach the pre-sheath interface 
with an energy V that is gained in the still quasi-neutral pre-sheath region. For a
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kTMaxwellian energy distribution, the energy must be greater than . This is known as
kTthe Bohm sheath criterion, with the Bohm velocity, v = J —-  . In the sheath region, theV m
potential, V, varies rapidly with the distance, while the quasi-neutral transition region 
joining the sheath to the plasma, V, only has a slight dependence on the distance or 
position. It is determined by the electron temperature, and shows how the ion and electron 
motions are coupled. Chen [14] demonstrated that the physical significance of the 
criterion is that the acceleration of ions in the sheath and repulsion of electrons there, both 
of which decrease the relevant particle volume densities, must be such that the ion density 
decreases less rapidly than the electron density across the sheath.
For reliable operation the probe must be able to withstand high temperatures and be 
designed to eliminate area changes and electrical dischai ge problems due to coating of the 
insulators on which it is mounted. Its dimensions must be such that it collects measurable 
currents without perturbing the plasma. To avoid perturbation of the plasma by the probe 
and for validity of the Druyvesteyn formula (i.e. collisionless electron motion about the 
probe) [15],
> ^ 1  > (4.1)
where rp = probe tip radius = 6.25 x 10“^  m
rh = probe holder radius = 1.4 x 10“^  w
A 2) = Debye length and electron mean free path respectively
When this inequality is not satisfied, the plasma density is depleted around the probe, 
since electron diffusion from the surrounding plasma carmot compensate electron 
collection by the probe. This condition then leads to significant distortion in the low- 
energy part of the electron energy distribution function (EBDF). The inequality in 
equation 4.1 is satisfied in the present study as can be seen in Table 4.1. The electron 
mean free path is 225mm at the high pressure setting, approximately 3xl0‘^ mbar (high 
gas flow), and this value is much greater than the Debye length as well as the probe and
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probe holder radius (.0625mm and 1.4mm respectively). The argon ion mean free path is 
56.2mm.
Table 4.1: Plasma parameters from an argon discharge for different pressure settings
Gas
flow
rate
(seem)
Gas
density
(m-')
Tel
(eV)
Electron 
density, 
Nei (m- )^
Debye
length
Electron 
mean 
fr ee path 
(m)
Ion
Larmor
radius
(m)
Electron
Larmor
radius
(m)
0.6 4.31E+19 10.132 1.52E+17 5.71E-05 0.350 0.219 1.55E-03
1 5.19E+19 4.686 1.78E+17 3.60E-05 0.3 0.149 1.06E-03
1.4 5.95E+19 2.830 2.68E4-17 2.28E-05 0.261 0.115 8.20E-04
1.9 6.92E+19 1.657 3.73EH-17 1.48E-05 0.225 0.088 6.28E-04
In measuring the W  characteristics of the probe, it must be noted that small errors which 
are tolerable in classical Langmuir probe diagnostics, can result in an enormous distortion 
in electron energy distribution function (EEDF), found through differentiation of the 
probe’s W  characteristics.
In conventional analysis of probe characteristics, it is assumed that the electron energy 
distribution function is Maxwellian. In low pressure discharges this is not the case, and 
the electron temperature is usually thought of as an effective electron temperature. Tea, 
corr*esponding to a mean electron energy <s>  determined from the EEDF. In practice, it 
is assumed that a depaiture of the actual EEDF from Maxwellian only affects a small 
number of electrons with energies higher than the energy of the inelastic threshold. In 
most cases however, the EEDF in low pressur e discharges is not Maxwellian even in the 
low energy range, which means using conventional analysis techniques could introduce 
significant errors in the determination of the plasma parameters [16]. hi practice, the 
departure from a Maxwellian distribution often results in the observation of two 
temperatures, corresponding to two distinct Maxwellian distributions.
It is assumed that the EEDF is the sum of the two Maxwellian distribution functions: one 
for the fast (hot) electrons, which produce the plasma, and another for the cold thermal
55
Chapter 4: L a n g u ir  probe theory
plasma electrons. This is often verified in the study of low pressure plasmas [17,18,19] 
and in the presence of a magnetic field.
4*1,1 Probe operation
Certain conditions had to be fulfilled for accurate measurements to be taken.
• The reference electrode for the single probe had to be very much larger than the 
probe, and also in sufficiently good contact with the plasma to have a negligible 
effect on the I-V characteristic [20]. In this study, the anode (arc chamber wall) 
was used as the reference.
• If the ion Larmor radius, rL+ is large compared with the Debye length, the ion 
current is not appreciably affected by the field. This condition is satisfied in tliis 
study as is shown in Table 4.2.
Table 4.2: Double probe BF3 measurements showing r£+ is much gi'eater than the Debye length
Gas flow 
rate (seem) Te2 (eV) Ne2(m )^
Debye 
length (m)
Ion Larmor 
radius (m)
electron 
Larmor 
radius (m)
0.6 10.13171 9.28E+15 2.46E-04 0.218505 1.55E-03
1 4.686036 1.08E+16 1.55E-04 0.148601 1.06E-03
1.4 2.829655 1.63E+16 9.79E-05 0.115475 8.20E-04
1.9 1.657275 2.27E+16 6.35E-05 0.088373 6.28E-04
It has been shown [3] that when the electron Larmor radius is much greater than 
the Debye length, the motion of electrons inside the sheath is unaffected by the 
magnetic field. As we are using the Laffamboise theory in this study, this 
condition is satisfied as shown in Table 4.2.
As the probe is made increasingly negative, with respect to the plasma, the current 
is produced by electrons of higher and higher energy, and the value of rLe 
therefore also increases. For this reason the electron temperature in all cases was 
determined fi*om the region of the semi-log probe characteristic remote from the 
plasma potential.
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For the double probe arrangement, the probe spacing must be large compared to 2Xa, in 
order to have some undisturbed plasma between the probes. This condition is also 
satisfied, as a separation of 6mm was used.
4.2 Single probe method
As mentioned in 4.1.1, in the single probe method, cai'e is needed to ensure that the 
reference electrode is sufficiently large and in sufficiently good contact with the plasma to 
have a negligible effect on the I-V characteristic (Figure 4.1). The general shape of the 
characteristic does not depend strongly on the details of either the probe geometry or the 
plasma.
Probecurrent rCollection of > electrons
2: Retarding 
electron region
, CoSection of1: positive ions
Vrt Probe potential
Figure 4.1: Voltage-current characteristic for a single probe in a plasma [10]
In the characteristics shown in Figure 4.1, there are three main areas of interest:
1. A region of positive ion current only, where tlie current increases slowly with 
increasing negative potential on the probe.
2. A region in which the cmrent passes through zero and then increases rapidly with 
increasing positive potentials. It is fi'om this region that the electron current is yielded.
3. A region of electron current only, where the current increases slowly with increasing 
positive potentials.
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At probe voltages above Vp (plasma potential), the probe is positive relative to the 
plasma. Electrons are attiacted whilst positive ions are repelled. An electron cloud builds 
near the probe until it equals the charge on the probe, forming a thin electron sheath. In 
this region, a saturation electron current exists generated by the electrons which enter the 
probe sheath through random thermal motion.
At Vp, the probe voltage, Vpr, is at the same potential as the plasma. There are no electric 
fields at this point. Charged particles migrate to the probe only due to their thermal 
velocities and there is no space charge sheath. Wlien a probe is immersed in a plasma at 
any potential other than Vp, the probe is either atti*acting or repelling particles. The 
inequality in ion and electron densities, generates an electric field around the probe, 
which shields out the probe voltage fi'om the bulk of the plasma. This sheath prevents the i
bulk of the plasma firom being disturbed. I
Between Vp and Vf, tlie probe potential is negative with respect to Vp. The probe 
tlierefore repels negative ions and electrons, but attracts positive ions, and so is 
surrounded by a region of positive space charge. At Vf, the arrival rates of ions is equal to 
that of electrons, and therefore there is no net current to the probe.
Beyond Vf towaids negative probe voltage, there exists a saturation ion current and small 
electron cuirent, until even the fastest electrons have insufficient energy to reach the 
probe. Virtually no élections are collected. As the voltage is increased beyond Vf, the 
probe electron current follows a logarithmic dependence, assuming a Maxwellian electron 
energy distribution at the sheath edge, and that the probe sheath is thin compaied to the 
probe dimension.
The current at Vp is the electron current (electron saturation cunent, les), and is the value 
ofl:en used to calculate tlie electron density. This is not as reliable as using the ion 
saturation value, but this also has its problems. The values of Ne and Ni obtained using the 
two methods seldom agree very closely, as shown in Table 4.3.
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Table 4.3: The differences observed between Ng and Ni
Gas flow rate 
(seem)
Ne (m*^ ) obtained 
from kle and Us
Ni obtained from 
kle and lis
Ni obtained from ijg
0.6 2.10E+17 9.91 E+16 3.70E+16
1 5.22E+17 2.47E+17 5.96E+16
1.4 5.73E+17 4.41 E+17 9.64E+16
1.9 5.62E+17 5.19E+17 1.08E+17
Sudit and Woods [21] calculated electron and ion densities using different methods. They 
found robust agreement between the cylindrical probe electron densities from the 
integration of the second derivative of the probe cuixent, and those from the analysis of 
electron saturation currents (Laframboise’s theory of electron collection). They concluded 
that the fact the two methods agreed so well, shows that application of the Laframboise 
method is insensitive to the shape of the EEDF. However, tliey were less successful in 
determining ion densities reliably. They found that the Laframboise method for 
determining the ion densities always produced larger numbers compared to Chen's 
(radially limited) method, as we can see in
Table 4.3.
4.2.1 Analysis of single Langmuir probe characteristics
A typical chai'acteristic obseiwed during this study is shown in Figure 4.2. The three main 
regions shown above have been identified.
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Figure 4,2: Experimental data o f a single probe characteristic fo r different source magnet current
settings fo r  argon
Figure 4.3 shows a magnification of region 1 in order to identify the floating potential. 
This shows the floating potential at different gas flow rates. As is seen from the plot, the 
floating potential increases (becomes less negative) as the pressure is increased.
0:0G0<
0.001
0.000’
-55 -45 -35
- 0.0002 -  - ^ 0.6
-0.0003 -
.0:0084
voltage (V)
Figure 4.3: Graph showing the floating potentialfor different gas flow rates (in seem) in argon
The floating potential is found to increase as the source magnet current is increased, 
decrease with an increase in arc current, and decrease with an increase in arc voltage.
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The same trends are observed for both argon and BF3, except that the values are more 
negative for BF3, as can be seen in Table 4.4.
Table 4.4: Floating potential compared for argon and BF 3
Arc current (A) Floating potential (V)
Argon Boron
5 -15.99 -36.4
4 -10.95 -35.14
3 -9,27 -33.72
2 -7.77 -23.25
1 -6.41 -16.85
0.5 -4.5 -10.19
The electron temperature and density were determined using the semi-logarithmic 
electron current plot together with the Laframboise theory. This procedure is only valid 
when the electron Laimor radius is large compared with the probe radius. This condition 
is satisfied. The Laframboise theory [22] used to calculate the plasma parameters requires 
that there are no collisions or ionisation in the probe sheath. The sheath is usually 
considered collisionless as long as the electron minimum mean free path for collisions
is greater than the Debye length , as mentioned in chapter 3, where
Xd = = 7 4 3 o (^
X
(m) (4.2)
As mentioned in chapter 2, X^  = AX.. 
The sheath thickness is given by
/ t/  \
2A.
% (4.3)
where Vp is the plasma potential. The Debye length is generally used as a measure of the 
sheath thickness, although the sheath thickness can in general be larger than the value
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given by the Debye length. For example, at a souice magnet current of 5A, the Debye 
length is found to be 1.84xl0~^m, with Te = 6.74eV, and Vp = 6.74V, giving a sheath 
thickness of 2.28 x 10"^  m. The thickness of the sheath increases with the potential 
difference between the probe and plasma, which appears across it.
Although the ion current is small relative to the electron current, it can be significant, 
therefore the ion current contribution due to sheath expansion needs to be determined and 
removed. Also, the secondary electrons emitted by the collected ions register as a positive 
current indistinguishable from the ion current. Although the problem of ion collection is 
relatively easy to formulate, the solution of the resultant equations is difficult. 
Approximations have been made in the past to obtain limiting case solutions. A great deal 
of work has been done [3,23,24] since Langmuir’s original interest. Laffamboise [22] 
developed a general technique for numerically solving these equations and hence 
predicting the ion current collected by a cylindrical probe. His results were in good 
agreement with experiment. He assumed that both the electrons and ions have 
Maxwellian velocity distributions far from the probe, and he investigated in detail the two 
situations in which the ions are cold (as in oui' experiments), or at the same temperature as 
the electrons.
Assuming the pressure to be such that there at e no collisions in the sheath, an electron 
must have random velocity such that > e V , where v is its velocity component
normal to the probe.
For a perfectly reflecting probe, if the electrons have a Maxwellian distribution, then the
Boltzmann relation can be employed: {n^\ =«^exp , where Te is the electron
temperature, Ug is the electron density, (ne)v is the proportion of all electrons having 
velocity greater than v, and V the negative potential. Therefore, the electron density 
decreases as one approaches tlie probe surface.
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Langmuir assumed that the number of electrons striking the probe per unit area per 
second (i.e. the random particle density) would be essentially the same, as the above case.
and would be given by j \  = = ^ ^ e x p eVkT e J
where c is the average velocity of paiticles given by 8/cT . Therefore the random
electron current in the plasma is given by j  = n^ ec ■ i ? - '\27m
Yi . Therefore
J r  =  Jer G%P
r
\
eV
kT
(4.4)
e /
Multiplying equation (4.4) by the probe surface area. A, and taking logaiithms,
ln/„ = ln/„„ — kT , where le is the electron current to the probe when the probe
voltage is negative with respect to the plasma. les is the random electron current across A, 
and is the maximum or saturated value of the electron current. Hence
(4.5)
dV kT.
Therefore the plot of Lnie versus V should yield a straight line with slope e/kTe, from 
which Te is estimated, as seen in Figure 4.4. The value of L is found by adding the 
random ion current (ion saturation current, hs) to the net probe current. The ion saturation 
current in all cases was chosen to be at the position coiresponding to -40V. If too low a 
voltage position was chosen, secondary electrons from energetic ion impact would give 
too high an hs value, whereas if too high a voltage position was chosen, fast electrons 
would contribute to the hs value, giving an inaccurate value.
Figure 4.4 shows the perfect de-coupling of the two electron temperatures, Tei and Te2 of 
cold and hot electrons present in oui* plasma. lesi and Ies2 are the saturation electron 
currents coiresponding to these two electron populations.
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\27m j
Yi where V is the potential of the probe relative to the plasma, A is
the area of the probe, and les is die electron satmation cnnent. Therefore, the electron 
saturation current is given by
——n„eA iTm
Yi (4.6)
Knowing Te, the electron density is obtained by reananging equation (4.6) to obtain
eA
r Im' (4.7)
The temperature of the positive ions can also be calculated by using the ion satuiution 
current in a similar fashion to that of the electron saturation current, which was used by 
Langmuir:
kT, = InM, (4.S)
where hs is the ion saturation cun ent, n^  the ion density and Mi the mass of the ion.
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The ion temperature in the main part of the plasma is approximately equal to the gas 
temperature due to efficient energy exchange. As mentioned earlier, the ion current is 
dictated by the electron temperature, therefore, the ion density is calculated from the 
electron temperature:
«, = ------^ — i^/m ’
^  (4.9)
eA
The plasma potential was found from the plot of Inie versus V. This is shown in Figure 
4.4 as the point at which the two lines (from the electron satuiation and transition region) 
intercept in the graph (the knee). It is difficult to locate the plasma potential, as the point 
of discontinuity on the semi-logarithmic graph is weakly pronounced. Magnetic fields 
(instahilities) and collisions can also contiihute to the rounding off (curvature) of the 
knee. The knee can also be affected if tlie probe diameter is not small compaied to the 
mean free paüi of the carriers [3]. The error in plasma potential measurements is generally 
brought about by changes in the work function of tlie probe surface [3]. It is desirable for 
the work function of the probe to remain constant for the duration of the measurements. 
The electron temperature can be more accurately obtained from the slope of the semi 
logarithmic chaiacteristic remote fr om the plasma potential, which is what has been done 
for this study.
4.3 Symmetrical Double probe method
Johnson and Malter [25] originally proposed the double probe method in 1950. The 
method was invented for use in decaying plasma, in which the plasma potential changed 
with time, which meant it was difficult to maintain a constant probe-plasma potential. 
They found it exerted a negligible influence on the discharge and seemed to yield 
accurate temperature data in all types of discharges.
Since the electron velocities are much bigger than the ion velocities, the probes in general 
must both be negative with respect to the space, to prevent a net electron cuirent from 
flowing to the whole system. This is provided the probes are of similar areas [4].
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As with the single probe method, the analysis of the double probe method is based on the 
Boltzmann relation and the plasma-sheath properties of a gas discharge. In addition, it is 
based on an application of Kirchhoff s current law, which requires in this case that at any 
instant the total net current of positive ions and electrons flowing from the plasma must 
be zero.
The double probe consists of two probes, each similar to the single probe. They are biased 
with respect to each other but insulated from ground. Since the whole probe system is 
isolated, it goes to the floating potential (i.e. botli probes at Vp- Vf) with respect to 
ground. Figure 4.5 shows the double probe circuit, where Va is the differential potential, 
and Id, the circuit cuiTcnt.
Plasma
Probe 1 Probe 2
Variable voltage source 
reversible in polarity
Figure 4.5: Schematic o f a double probe system
The potential distribution in a case where Vi is positive relative to V2, is shown in
Figure 4.6 [26]. A cunent will flow between 2 and 1, and is positive if  V is positive. The 
potential Vc represents any small difference in plasma potential which may exist between 
the regions surrounding the probes.
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SheotJi Sheath 2
Plosmo-
Figure 4.6: Schematic ofpotential distribution between the probes o f a floating double probe system
Certain conditions must be satisfied for the correct operation of double probes. The 
probes must not emit electrons eiüier thermionically or by any secondary processes. The 
only part the plasma plays is to complete the electrical circuit between the probes. Also, 
the probe cuiTent must never be so large as to drain the plasma. The characteristic I-V 
curve is shown in Figure 4.7.
'2 +
! +
Figure 4,7: Schematic o f a double probe characteristic [4]
67
Chapter 4: Langmuir probe theory
At V = 0, both probes are at floating potential and no net current goes to either one, 
therefore, I = 0. If V is made positive, Vi will become less negative and V2 more 
negative, which means more elections, will flow to 1 than 2, This results in a positive 
current flow flom 2 to 1. For large positive voltages, probe 2 will be very negative, 
thereby drawing saturation ion current. Vi will be close to the plasma potential to collect 
sufficient electron current to cancel the ion current to probe 2. With negative voltage, the 
current is reversed, and the same general behaviour occurs. The magnitude of the 
satui ation current will be different if the probe areas aie different.
An advantage of the double probe system is that the total cunent to the probe can also 
never exceed the saturation ion cunent to them, and since this positive ion cunent is 
hundreds of times smaller than the electron cunent to a single probe, the double probe 
method appears to be advantageous. The maximum cunent drain can be limited to any 
desired value simply by limiting the size of the probes. Although the disturbance to the 
discharge is minimal, and the probes aie always negative with respect to the plasma, only 
the high-energy tail of the electron distiibution function is sampled (i.e. only the fast 
electrons in the tail of the distribution can ever be collected). The bulk of the election 
distribution is not sampled. Hence, unlike single probes which sample the complete 
distribution, and from whose characteristic it is evident whether or not the electrons have 
a Maxwellian energy distribution, a temperature can be ascribed to the electrons even 
though they ai e far fr om being thermalised.
4.3.1 Analysis of double Langmuir probe characteristics
For an unambiguous determination of T ,^ the random electron current density should not 
change with probe current, and this is more likely to be the case in the double probe, as 
the current drain is much smaller.
A typical set of double probe characteristic observed during this study is shown in Figure 
4.8, where the souice magnet current is the vaiiable.
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Figure 4.8: Experimental data showing the double probe characteristics obtained for different source
magnet current settings
Figure 4.9 shows a deviation of the experimental curve obtained, from a theoretical single 
electron distribution. A small deviation is usually attributed to the expansion of sheath 
thickness as the probe goes increasingly negative with respect to the plasma. However, a 
large deviation such as this can be an indication of more than one electron energy 
distribution being present in the plasma. The existence of two electron energy 
distributions was confirmed by the single probe data collected.
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Figure 4.9: Deviation o f the double probe data from a single electron energy distribution
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The electron temperatui e was detennined by the logarithmic plot method of Johnson and 
Malter [25] and verified by their equivalent resistance method. The electron density was 
obtained fi"om the satuiation current as shown below. The method used by Amemiya [27] 
to calculate the electron density, gave the density an order of magnitude higher than the 
method used in this study. He also proposed differentiation and voltage modulation 
methods for determining the electron temperature using the double probe method. Due to 
the noise observed when using the double differential method, erroneous results were 
obtained.
If Vi is positive relative to V2, V = Vi -  V2>0. At V = 0, both probes are at floating 
potential and no net current goes to either one, hence 1 = 0.
To find the current I(V) quantitatively, we define ii+, iei, i2+ and ie2, to be the ion and 
election currents to probes 1 and 2 at any given V. For the system to be floating,
ii+ + i2+ “ iei - ie2 = 0. The current I in the loop is given by i2+ - ie2 -  (ii+ - iei) = 21, 
therefore.
(4.10)
The currents is are given by exp , similarly for i@2, where jr is
the random current density. Substituting into the first pait of (4.10),
/  + = 4 y ,e x p = A J ,  exp e^ {V ,+vfkT„
From the second part of equation (4.10),
_ A
2^+ ^ A exp
(4.11)
The basic assumption of this theory is that the probes are always negative enough to be 
collecting essentially saturation ion current. The quantities in equation (4.11), are shown 
in the figure below [4].
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JH,
'1+
The slope of a logarithmic plot of tliis ratio against V should yield a straight line whose 
slope is a measure of the electron temperature.
slope = (4.12)
The slope is essentially unaffected by probe areas, electron random current densities, and 
difference in plasma potential between probes [25].
In the case where A^Az, as is this case in this study, then ii+= iz+ = i+, and equation
(4.11), can be solved for I:
I  = tanh (4.13)
In many cases, this formula has been found to fit experimental data very well, as is seen 
in Figure 4.10.
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Figure 4.10: Theoretical f i t  to experimental data
To validate the electron temperature, Johnson and Matter’s [25] equivalent resistance 
method was used. This is a quicker way of obtaining Tg directly from the double probe 
characteristic. By measuring the slope of the characteristic at the origin, equation (4.14) 
[3, 24] shows the simplified version of obtaining Tg
É L (4.14)
Peterson and Talbot [28] showed that for negligible enor in obtaining the slope at V = 0,
AK < 0 .4 - ^  * Tliis condition was satisfied in this study. 
e
Table 4.5 shows that using either method to obtain Tg gives a difference in value no 
greater than 10%.
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Table 4,5: Errors associated with the determination ofT^ from the double probe characteristic
Source 
magnet 
current (A) Electron temperature (eV) Standard %error of
Log method Equivalent resistance method Average deviation mean
0 16.61 17.49 17.05 0.62 3.63
1 10.28 9.52 9.90 0.54 5.44
2 9.69 9.62 9.65 0.05 0.52
5 5.03 5.15 5.09 0.08 1.58
8 3.66 3.56 3.61 0.07 2.04
11 2 2.21 2.11 0.15 7.19
14 1.50 1.58 1.54 0.06 3.96
17 1.21 1.27 1.24 0.04 3.54
The log method was used to obtain the electron temperature throughout this study.
Once kTe is known, the electron density is found from
= ------ —---- 7r/m^
eA. (4.15)
Where f _ A+ + h+ .
2
To determine the fraction of electrons sampled with the double probes [25], an electron 
temperature from an argon discharge of lOeV (23200K) is used. An approximate 
expression for the floating potential (with respect to the plasma potential) is given by
kT
2e In where Tg is the gas temperatuie, which was about 350K (0.03eV).
This gives V f = -27V . Since ii+~ ii+, the probes must be close to V f when 1 = 0. From the 
Boltzmann relation, the ratio of election current density at the probe to the random current 
density in the plasma near the probe (when the probe potential is Vf), is given by
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exp- .067. This shows that in this case only, less than the top 7% of electrons
are sampled.
As with the single probe char acteristics, all the other plasma parameters were obtained. 
Some possible errors in the double probe method include:
1. There is some uncertainty in the choice of ii+ and \2+. They were taken as the
points at which the curve broke away from the saturated regions. Different values I
of ii+ and i2+ were used to test the effect this would have on the temperature, as I
done by Johnson and Malter. The end points on the log plot were found to deviate ;
from the straight line defined by the central portion of the plot determining the |
temperature, but the values obtained did not vary significantly. Johnson and I
Malter attributed this to the fact that any change in the values chosen, would |
introduce a change of the estimated value of ig2, and therefore this method is 1Iinsensitive to small variations in ii+ and i2+. i
2. The ion current to each probe between the two regions ii+ and i2+, can vary slightly 
due to changes in the sheath thickness. The error, although very small, can be
avoided by computing the ion current to each of the probes over the range ii+ and
i2+ and use the sum of these in the log plot. !
3. Deposition on the probe or tlie thinning of the probe could lead to lower or higher 
current values. In the case where the liner material is deposited on the probe,
Johnson and Malter (for the double probe), showed that the electron temperatures 
obtained with and without the deposition, were within a few percent of each other.
Ideally, the change in probe ar ea is not desirable.
4.4 Experimental complications
Chen [4] in his review, lists and briefly considers 13 experimental complications. 
Demidov et al [7] also explain some of the effects that may create errors in probe 
measurements. To verify the internal consistency of the probe measurements and probe 
construction, a few pitfalls relevant to this study have been mentioned below:
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Change o f vrobe area: The current collected by a probe depends on the exposed area. 
This can change by sputtering or melting of the probe in an intense discharge. Also, if the 
probe tip is in electrical contact with the insulator, the effective collecting area is greatly 
increased. A conducting layer could also form on the insulator (probe holder radius), to 
which the probe could short. Clements [5] compares a clean probe characteristic to a 
sli^ tly  and higlrly contaminated probe. The characteristics are visibly different. The 
occurrence of this was minimised by centring the probe in the insulating tube and also 
closely monitoring the shape of the characteristic as it is plotted.
Change in the work function o f the vrobe: This is due to the deposition of impurities on 
the probe surface and insulator, which form layers and create a variation of work function 
over the probe surface. BF3, which was used in this study, is known to poison tungsten. 
The probe and the arc chamber liners are made of tungsten. In this study, the probe was 
changed after each run. Any enoneous readings would have been observed during the 
collection of data from the shape of the characteristics and also by comparing the 
magnitudes of the currents to previous readings.
Influence o f probe holder: Demidov et al [29] showed that cylindrical probes, which are 
oriented along and perpendicular to the magnetic field give nearly identical results. 
However, the probe that is oriented perpendicular to the magnetic field can give the 
electron energy distribution in a wider energy range and with better accuracy. The 
orientation of the probe holder also plays an important role. Demidov et al [7] mention 
that to avoid shadowing effects, it is advisable to orient the probe holder perpendicular to 
the magnetic field lines. In the study, the probe and its holder are positioned 
peipendicular to the magnetic field.
Perturbation o f the plasma: The probe and probe holder radii should be small enough as 
not to disturb the plasma during measurement. A requirement is that the ion Larmor 
radius is large compared to the probe radius and Debye length.
Kinetic Secondary Emission: A negative probe may collect a large apparent ion current if 
secondary electrons are liberated by the ions. Low probe voltages were used to avoid this.
Relatively hi^h overatine pressure in the arc chamber:
This can lead to condensation of feed material on the probe and arc chamber surfaces.
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Magnetic field:
One of the main difficulties introduced by a magnetic field is that particles are 
constrained to gyrate about the lines of force, which means particles move at different 
rates along and across the field. Secondly, the effective mean firee path across the field is 
of the order of the Larmor radius, since the particles only travel this far without collisions. 
This is discussed in more detail in section 4.5.
4.5 Presence of magnetic field, B
The advantage of the Langmuir probe is that it can make local measurements. However, 
under the presence of a strong magnetic field, the disturbance is not localised and the 
probe current depends not only on the plasma parameters but also on the way in which the 
plasma is created and maintained. The overall neuti*ality can only be maintained if the 
Debye lengtli is small compared with the physical size of the plasma region. This 
condition is satisfied in this study. Dense plasmas have small Debye lengths, because the 
shielding is more effective. The anisohopy introduced in the plasma by the magnetic field 
makes the theoretical description of probes more complicated. In a magnetised plasma 
electron and ion Larmor radii (rie and ru respectively) are very important as will be 
shown below.
The magnetic field causes particles to gyi ate about the line of force at cyclotron angular 
eBfiequency o  = — , so that they move at different rates along and across the field. This is m
more pronounced for electrons than ions. Electrons can only cross the field lines via 
collisions (in this case Coulomb collisions). The electron mobility transverse to the 
magnetic field would be impaired compared to that along the field lines. In other words, 
there is a severe reduction in the transverse diffusion coefficient of electrons in the 
presence of a magnetic field.
If the magnetic field strength (B) is such that the Larmor radius (electron cyclotron
r IEradius), n , = — — = — -  ------, is comparable to the probe dimensions, then aeB e B ] l m , /
modified theory has to be followed. However in our case, for an energy of 2eV and B =
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69.2Gauss (0.00692Tesla), rLe=0.690i'nni and iLargon= 186.9mm. Since the Larmor radius 
for argon ions is much bigger than the probe radius (0.0625mm), the modification 
mentioned above need not be followed. The standard treatment for collisionless theory 
still applies.
When a magnetic field is applied, the most noticeable effect is that the saturation electron 
current is decreased below its value in the absence of a field. Another effect of the 
magnetic field is to destroy the electron saturation part of the probe characteristic, which 
means the cun ent continues to increase with voltage. This could be due to the fact that the 
available election current (which nonnally diffuses to a sphere of radius « in the 
absence of a field), is decreased by the magnetic field to that diffusing at a reduced rate 
across B into a cylinder defined by the lines of force intercepted by the probe [3]. In other 
words, the flux tube into which electrons can diffuse to reach the probe increases 
continuously with voltage. The ion Larmor radius is found to be large compared with the 
Debye length, which means the ion current is not appreciably affected by the field, but the 
electron cuiTcnt can be reduced by a factor of 10. The ratio of electron saturation current, 
les to ion saturation current, hs is normally of the order of 100, whereas in a magnetic field 
(weak enough that the ion Larmor radius is large compared to the probe radius and Debye 
length), this ratio reduces to 10/20.
The motion of electrons is assumed to be due to diffusion up to a distance of the order of 
the mean free path from the probe, for directions parallel to the magnetic field and up to a 
distance rLe for the perpendicular direction. The diffusion coefficient across a magnetic
field can be written as — . , where the term co^ t is an important paiameter in
plasma confinement. is the mean time between collisions. The effect of magnetic field 
on the probe characteristics has an dependence. When the magnetic field
has little effect on diffusion, wheieas when this value is greater than 1 , the magnetic field 
significantly retards the rate of diffusion, is generally at least 2 0 0 0  times smaller 
for ions than for electrons so, is decreased severely only for large magnetic fields. 
Diffusion has been explained in more detail in Chapter 2, section 2.4.2.
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Demidov et al [7] discussed the main regimes for electrons in a weakly ionised 
umnagnetised plasma. From the conditions listed, we operate in the collisionless regime, 
under the “conventional thin sheath” sub-regime. For the collisionless regime, the
nlcondition is that A »  A + , where A is the diffusion length given by A = r  In (rp
and 1 are the probe radius and length), and d is the sheath thickness given by 
(  1/
(^d is the Debye length and Vp the plasma potential).
In this study, A = 2.45xl0"^m, d = 8.28x10 and -  .299m. To satisfy the 
“conventional thin sheath”, X^))A))d. Both conditions are satisfied in this study.
However, for a magnetised plasma, as is the case here, parallel or perpendicular 
parameters should be compared. Electrons and ions can be in different regimes at the 
same plasma conditions, as X^  ^  X. . The figures shown above describe the parameters
&
r„,parallel to the field. We shall define . and , therefore we have
~ and Ag yj^ = —— [7], where r@^ are the electron and ion Larmor radii and r|e,i 7e,i 7e,/
are the fitting parameters.
For an argon discharge at a source magnet cunent of 17A (in the system used -  see Figure 
4.11), rLe = 1.47 X10"  ^m and ru = .078m, and are generally a measure of the mean fiee 
path perpendicular to the magnetic field. X^= .299m, .075m and A »2.45xl0"^?w.
From these figures and the equations above, = 1 .47x l0^m , X^j^  =.0627m,
^ e i -  8.5 X10"^  m , and Afj  ^ = 1.45 x 10"  ^m . d = 8.28 x 10"^  m for this case.
This shows that with no or low magnetic field present we operate in the conventional thin 
sheath sub-regime. However at the higher magnetic fields (above 2A of source magnet 
current), we operate in the orbital limited thick sheath sub-regime, where the sheath 
thickness is larger than the diffusion length for electrons.
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Figure 4.11: The magnetic field in the arc chamber
The electron temperature was found to increase, as the magnetic field is decreased. With 
no field present (source magnet cuiTent = OA), kTe is found to be 8.93eV, whilst at 17A it 
is found to be 1.30eV. An average energy shift exists due to the change in electron 
temperature. More collisions take place at a higher magnetic field, but the energy loss is 
greater which means more low energy long-lived electrons are present.
Chen [4] in his review of electric probes, summarises probe theories with a magnetic 
field. He mentions that, as early as 1936, Spivak and Reichrudel had the view that the 
Langmuir orbital theory (despite the advantage that the probe cuiTent was independent of 
the potential distribution) had a limited range of applicability (the sheath had to be large). 
Their theory was mainly valid for very weak fields and very low densities. Chen as well 
as Swift and Schwar [3] mention that in 1954, Bickerton considered three cases, for 
electron collection by a plane probe parallel to a magnetic field, namely: A,d«  rLe, 
rLe, and X-d ~ rLe. Bickerton assumed that electron motion is prescribed by perpendicular 
diffusion and mobility, and that the electric field is given by Child-Langmuir 3/2-power 
law for space charge limited ion flow fi*om the plasma to the probe. For Xd«  rLe, the 
electron motion inside the sheath is unaffected by the magnetic field, whilst that outside 
the sheath is affected by the electric field. In the reviews by Chen and Swift and Schwar, 
two expressions for electron cuiTent shown by Bickerton are mentioned. One expression 
assumes all the electrons entering the sheath are collected, and tlie other takes into 
account collisions during tlie last Larmor orbit. He then considers the case where the 
electron cyclotron frequency tends to zero and the other when it tends to infinity.
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assuming an abrupt sheath edge. Chen concludes that no satisfactory theory exists for 
regions 1 and 2 of the single probe characteristic in a magnetic field. However, as long as 
the electrons are in thermal equilibrium, and the ion Larmor radius is much larger than the 
probe dimensions, as is the case in this study, the usual theories of ion collection can be 
used [4].
Most of the problems in measurements in a magnetic field mentioned above can be 
removed by using floating probes, which is why we adopted this method in this study.
4.6 Other probe techniques
A summary of other probe techniques can be found in reviews by Swift and Schwar [3], 
and Chen [4].
4.6.1 Asymmetric double probe
This method has been used in limited cases. Amemiya and Fuchs [30] have shown that 
the asymmetric double probe works well when the area ratio is up to about 1 0 . Beyond 
this point the double probe characteristic was found to become single probe-like.
One disadvantage of the floating double method is that no direct indication of the 
variation of election current with the potential difference between probe and plasma, is 
obtained [3]. This is because there is no fixed reference potential to compare the probe 
potential.
4.6.2 Triple probes
The triple probe technique requires a floating double probe system and one probe floating 
independently. All the probes are identical with the double probe biased negatively 
enough to collect the ion saturation current. Three points are provided on the I-V 
characteristic from which Te can be obtained fi'om Te ~ e(V+ - Vf)/ln2, where V+ and Vf 
are the potentials of floating potential and positively biased probes.
This method does not require sweeping of the probe potentials and almost no data 
processing, which has therefore made it a popular choice for T© fluctuating measurements.
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Various factors can affect the accuracy of this method. It is assumed the ai eas of all three 
probes ai e equal, that the ion current is independent of the probe potential, that there are 
no gradients in plasma potential, Tg, and density, aiising due to the spatial separation of 
the probe tips. Violation of any of these can lead to significant errors. Demidov et al [7] 
mentioned that shadowing effects in a magnetized plasma could also destroy reliability of 
the measurements. The discharge geometry and spatial distribution of ions and electrons 
may be considerably modified by the introduction of three probes [3].
4,6.3 Emissive probes
This method employs a probe heated to sufficient temperature to emit thermo electrons. 
An emitting probe basically collects electrons when it is positive and emits them when it 
is negative. The potential distiibution between the probe and plasma depends on the 
magnitude of the emission. For probe currents below tlie plasma potential, a substantial 
emission current flowing fi'om the probe to the plasma appears as an apparent ion current. 
Unfortunately, emission cannot be increased indefinitely due to space chaige limitation.
The potential at which the hot and cold probe characteristics begin to disagree is an 
indication of the space potential [4].
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Chapter 5
5 Experimental apparatus and techniques
5.1 Introduction
Ideally, measurements on the souice plasma would be cairied out on an operational 
implanter, to enable the beam characteristics to be related to the plasma behaviour under 
actual working conditions. This would ensure that settings such as gas flow rate for 
example, were those under which the combined source and beamline conditions produced 
the optimum beam for a particular implant process. However, the ergonomics of a 
commercial machine are such that access to the source (and beamline) for the purpose of 
canying out detailed scientific measurements, is virtually impossible. It was therefore 
decided that a dedicated test facility should be constructed, to enable the detailed source 
plasma measuiements to be carried out over an extensive range of operating conditions. 
Tire test rig is shown in Figure 5.1. This required the construction of a well-pumped test 
chamber into which the standard indirectly-heated cathode (IHC) source and diagnostic 
facilities, could be incoiporated. Since no beams were to be extracted, the system was 
operated with the source arc chamber at earth potential. In the following sections, the 
design and operation of the facility, and the mechanical and electrical details of the source 
and probe systems, are described.
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Figure 5.1: The source test rig
The test rig comprises a vacuum chamber with access feedthroughs for probes and 
thermocouples, an ion source assembly, a single bottle gas panel, and a control unit. The 
entire rig was grounded and an earthing rod available for extra safety.
The generation and transmission of an ion beam must take place in a high vacuum 
environment in which the collision mean free path is much greater than the system 
dimensions. However, while too high a gas pressure does lead to a loss of beam intensity, 
and also, of more importance for a rectilinear system, a high probability of charge 
exchange (transfer) collisions outside the source, resulting in fast neutral implantation and 
hence dosimetry errors, too low a pressure can reduce the level of space charge 
neutralisation achieved.
The high vacuum was achieved in two stages. A mechanical roughing pump took out a 
large proportion of the air until a certain level of vacuum was reached (approximately 10 '^  
- lO'^mbar). At these pressures, diffusion pumps can operate, and a six inch unit with a 
pumping speed for H2 of 15001/sec was used to reach the operating base pressure of 
4xl0'^mbar. The pumps used were an Edwards oil vapour diffusion pump (Series E06- 
Water cooled and Utilising Silicone 704 oil), backed by a single stage rotary pump 
(D25B; pumping speed 25.7m^/hr). A liquid nitrogen cooled cold-trap was located above 
the diffusion pump to prevent backstreaming of oil vapours into the system. A butterfly
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valve was also fitted between the diffiision pump and chamber to isolate the chamber 
when it required venting. A schematic of the vacuum system is shown in Figure 5.2.
Pirani gauge Ion gauge
VI
vent valve
1 Penning gauge
Beamstop: High 
voltage feedthrough 
protection Beamline source
R1
Roughing valve
Rotaiy pump !
Pirani gauge
B1
Butterfly valve
Diffusion pump
B2
Backing valve
Figure 5.2: Schematic o f  the source test rig pum ping system
The system was designed to cope with source gas flow rates of up to 2sccm combined 
with the gas load from the high temperature source components, while maintaining a 
pressure in the chamber outside the arc chamber at < 5xl0^mbar. Equilibrium outgassing 
rates from the arc chamber and nearby walls (the regions that reach high temperatures 
during operation), of up to lO'^t-l/sec/cm^ can be expected in a conditioned system.
The total hot area « lOOcm  ^ (source) + lOOcm  ^ (nearby walls: only small due to some 
water cooling of the source magnets) .*.2 0 0 x10 ’^  = outgassing load = 2 xlO"^t-Fsec.
2sccm »  2xl0*^t-l/sec (2.54x10‘^ sccm). Hence the throughput is dominated by the 
source feed.
If the gas flow is approximately 2.5x10'Vhsec (2sccm), and the pumping speed at the
J _ _ J _  J_chamber is Sc » 500Fsec, where ^  ^  ^  , the operational pressure can be obtained.
Sp is the speed at the pump, and Ci is the conductance of the line fi’om pump to chamber,
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the equilibrium pressure, pe can be obtained from the lumped continuity equation for the
do Qsystem i.e. V —  = Q -  S ^p . In equilibrium, , Pe .dt
Therefore, the operational pressure, pe = (2.5xl0'Vl/sec)/(5xl0^1/sec) = 5xlO'^torr 
(6.65xlO'^Pa).
Penning and ion gauges were used to obtain as accurate a chamber pressure reading as 
possible. These were located near the beam stop. The beamline (Figure 5.3) was 
approximately 800mm long with an internal diameter of approximately 2 2 0 mm.
Pirani gauge Penning gauge Water cooling
Yoke
Souice 
Magnet coils
The beamline Butterfly valve
Figure 5.3: The beamline
5.1.1 Utilities
The test rig generates a large amount of heat and hence certain components required 
cooling. Water-cooling was used for the diffusion pump, ion source, beamline, source 
magnets and beamstop. The test rig also required dry nitrogen for venting the chamber.
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Compressed air was used for the pneumatics which included the operation of the butterfly 
valve and the manifold valves for the gas lines. Argon was used both as feed gas and for 
purging the gas lines. The gas cabinet was fully extracted and also contained a fluorine 
gas detector, as BF3 was going to be run. The gas detector was located in an interlocked 
cabinet, which also had extraction, as shown in Figure 5.4. The whole cabinet as well as 
the beamline were grounded and a grounding rod was available to ensure safety prior to 
access.
Toxic extraction
Interlocked cabinet
Back of ion source
BF3 detector
Gas panel
Interlocks
Figure 5.4: Source and gas cabinet
5.2 Ion source assembly
5.2.1 Background
Most conventional high-current ion sources used in the ion implantation industry operate 
on hot cathode low-voltage arc discharges [1]. Cathode deterioration is usually the 
lifetime limiter. In order to achieve high current beams, increasing the arc current should
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raise the electron density and/or electron temperatnie. This, however, works to reduce 
cathode lifetime [2]. Hot filament source technology enabled the commercial introduction 
of h i ^  current implanters due to the fact they are simple and robust. The use of hot 
filament ion sources, capable of producing tens of milliamperes began in the 
semiconductor industry, when ion implantation was applied to MOS tiansistor souice- 
drain formation (which required high throughput of wafers) [3].
Two basic designs for these hot filament sources account for the majority of ion sources 
in semiconductor device/circuit production. The favoured ion source teclxnology 
continues to be based on either the Freeman [1] or Bemas [4] ion sources. First reported 
in 1996, the Eaton ELS (extended life source) [5, 6 , 7, 8 ] has led to the conversion from 
Bemas to Indirectly heated cathode (IHC) sources [9], mainly due to its longer operating 
life and higher multiply charged beam output.
The Freeman and Bemas ion sources are both based on the creation of a gas discharge 
between a directly heated cathode and the arc chamber body, which constitutes the anode. 
The arc voltages are typically between 60-120 Vdc reflecting the nature of the electron 
impact ionisation cross section [3]. The cathode is a filament through which a current of 
1 0 0 -2 0 0 A flows heating the filament to a temperature required to support theimionic 
emission. The filament temperature contiols the electron emission and ultimately limits 
the arc cunent. An extemally applied magnetic field of 100-150 Gauss (.01 - .015T) 
confines the electrons and increases their path length to increase ionising collisions. The 
plates at the arc chamber ends are reflectors in the Freeman source, which does not have 
an anti-cathode. The Bemas source has an anti-cathode, but there are also shields at the 
filament entry points to prevent electrons retuming to the neai er part of the arc chamber.
The indirectly heated catliode (IHC) source operates on similar principles to the Bemas 
source except that the directly heated filament is replaced by an electron bombardment 
heated cathode.
The Freeman, Bemas and IHC sources are now the primary sources for high current 
implanters [3]. Table 5.1 illustrates some typical source operating lifetimes in high 
current implanters.
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Table 5.1: Typical ion source operating life for sources used in high current implanters [3J and the 
beams currents whilst running at 20keV[Applied Materials]
Source Type Primary Species Beam current (mA) Operating hours
Standard Freeman B^ - 1 0 15-25
As% ?■" - 1 0 30-40
Enhanced Bemas B+ 10 -40
A s\ P+ 12.5, 8 - 1 0 0
BFz+ 7
Standard IHC B^ > 2 0 - 1 0 0
A s\ P^ 18,15 - 2 0 0
BFi"^ 9
The IHC design is similar to a reflex geometry Bernas source [6 ]. A detailed schematic 
diagram of the source used in the present study is shown in Figure 5.5. It contains all the 
elements of the Bemas source with one major difference. The cathode is a cylindrical 
tungsten tube (diameter = 16.5mm) closed at one end, that is heated by electron 
bombardment flrom a filament mounted inside it [9,10]. The filament (diameter 1.2mm) is 
biased at around 600V witii respect to the cathode and heated to emission temperature 
with a current of approximately 60A. Since the filament operates in a much lower 
pressure environment where there is no discharge, (i.e. inside the cathode tube), it does 
not experience ion sputtering and can achieve longer lifetimes compared with the Bemas 
and Freeman sources. Also, the exit plate of tire cathode tube, presents a large area to the 
plasma, and due to the fact that it is mechanically bulkier, it lasts longer, even though the 
discharge always runs to quite specific small areas.
Electrons accelerated to around 600eV bombard the cathode, heating it to emission 
temperature (up to 3.5A of emission can be obtained). The cathode is biased between 40 
and 150V more negative than the arc chamber body, to set the arc voltage. The anti­
cathode is mounted the opposite end of the arc chamber, with a diameter of 17.5mm i.e. 
slightly larger than the cathode. The IHC tolerates h i^ e r  arc voltages without
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unacceptable lifetime implications compar ed to the Bemas and Freeman sources. As a 
consequence, it is better suited to multiply charged ion production.
Filament 
power supply
80A @ 7.5V
CATHODE CATHODE
FILAMENT
Magnetic
field
Bias
power supply 
2A @ 600V
+ — Arcpower supply 
7A (% 150V
Figure 5.5: IHC potentials and operation [I]
The source used was mounted on a standard Applied Materials source flange. The 
assembly shown in Figure 5.6, incorporates all the necessary feedthroughs for the arc, 
plus gas and oven sourced vapour inlets and water cooling.
The sour ce lifetime is limited by cathode erosion and also depositions on both the cathode 
and anti-cathode, which eventually short circuit to the arc chamber, however, the overall 
lifetime is about twice that of the Bemas somce, as can be seen from Table 5.1.
5.2.2 The ion source assembly
This component, together with its associated power supplies and gas flow control systems 
formed the primary focus of this project. The acquisition of reliable and reproducible data 
relied heavily on the ability to control and reproduce operating conditions to very tight 
tolerances.
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The overall source assembly is shown in Figure 5.6. Under typical conditions, the total 
power dissipated in the cathode and arc systems exceeds IkW, and a major feature of the 
design is the arc chamber mounting arrangement and the cooling system. Despite reading 
temperatures of up to 690®C, high positional stability of the arc chamber must be 
maintained.
IHC
FILAMENT
CATHO0è\^
BASE
LINER
FILAMENT GUIDE ANTI-CATHODE
COLLET.
ANTI-CATHODE 
SU PPO RT BAR
  OVEN NOZZLE
FILAMENT CLAMP
-  THUMBSCREW
CAPTIVE SCREW   -----
INSULATORINSULATOR
SHIELD INSULATORCATHODE,,.^ 
SUPPORT BAR
f il a m e n t  STRAP
ANTI-CATHODE 
STRAP UNK
GAS UNE ‘t
Dl COOLING QUICK 
CONNECT FITTING
OVEN
BIAS CONNECTION
FILAMENT CONNECTION
Figure 5.6: Indirectly heated cathode source [11]
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The source generates the plasma electrons using the indirectly heated, hollow cylindrical 
tungsten cathode, as shown in Figure 5.5. A variable aic (discharge) power supply (120V, 
7A) pulls die elections from the cathode into the ai*c chamber. The whole process takes 
place within the graphite arc chamber with dimensions (8 6mm by 34mm by 29mm). The 
arc chamber itself is lined witli one tungsten base liner, two tungsten side-liners, and two 
graphite end liners (by the cathode and anti-cathode). The tungsten liners are 3mm thick 
and are fitted routinely following observations that they improve the initial breakdown 
behaviour, and enhance ion production, by changing the cracking behaviour of the BF3 
feed gas. The shape of the base liner ensures optimum dispersion of the gas which is fed 
in from the base face of the graphite chamber. The front plate of the arc chamber 
comprises two graphite interlocking plates that frame die 50 x 3.5mm extinction slit. This 
design overcomes cracking problems associated with single slit plate designs.
The cathode presents a large area to the plasma, thereby reducing localised sputtering and 
erosion effects (diameter = 16.5mm). It is mechanically bulky and hence lasts longer than 
a conventional filament. However, as noted earlier, the plasma does not tend to cover the 
cathode uniformly, and the large area is not all used i.e. there are always preferred 
emission spots.
The anti-cathode is electrically connected to the cathode (the emitter). The efficiency of 
the source is improved by the anti-cathode which is at the opposite end of the arc chamber 
to the cathode. In conjunction with the magnetic field, the anti-cathode reduces electron 
loss to the chamber (anode) walls. It also reflects approaching electrons, and hence further 
increases their effective path length. The elections oscillate in the region between the 
cathode and anti-cathode until they suffer a collision or are lost to the walls.
5.2.3 The source magnets
A magnetic field parallel to the axis between the cathode and the anticathode (see Figure 
5.5), of the order of tens of milli-Tesla (300Gauss maximum) is used to confine the 
electrons to oscillatoiy paths between the two electrodes. The lengthening of the path 
length of the electrons increases the probability of ionising, and where relevant, molecular
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cracking collisions. The source magnets are two identical electromagnets manufactured 
by Buckley Systems Limited. The coils are wired in series, and the magnet dipole that 
they form is South/North from the cathode to the anti-cathode. They are rated at 40A. The 
yoke, which was made in-house of soft iron, was attached to pole pieces, which were 
located on either side of the beamline (in line with the cathode and anticathode), 
supported by a metal frame, as shown in Figure 5.7.
X  - ►
|Anti-cathodeCathode Front plate slit
Soft Iron magnet 
support/return yoke
Source magnet
Figure 5.7: source magnet assembly
In view of the fact that the magnetic circuit was non-standard, it was necessary to 
calibrate the field. The source magnetic field, B, at the centre of the arc chamber was 
measured at different source magnet current settings. The plot is shown below in Figure 
5.8. The field in the cential axis of the pole pieces increases close to the poles, but 
decreases slowly in the radial directions. The fact that the pole gap is large means that the 
“stray” fields extend throughout the extraction region. While these fields do not affect the 
ions, they do influence the electrons in this region.
94
Chapter 5: Experimental Apparatus and techniques
140 -I
120 -
100 -
3
80 -I 60
g^
 40
20
0 2 4 6 8 10 12
Source m agnet current/A
Figure 5.8: Source magnet field versus magnet current in the middle o f the arc chamber
The relationship between current and flux density is almost linear. The slight deviation 
from linearity (blue line) indicates a change in permeability resulting from the onset of 
saturation at higher currents. The graph also shows that a small field exists with zero 
current. This is probably due to some remnant magnetisation of the pole pieces.
Knowing the details of the magnetic circuit, the source magnet current was converted to 
the magnetic intensity (H), and a curve of B versus H was plotted. This curve is shown in
B— M' M"Figure 5.9, and is almost linear. The slope is given hy H  ° \  where po is the 
permeability of free space and pr, the relative permeability of other parts of the magnetic 
circuit (pole pieces and yoke). Since the reluctance of the magnetic circuit is completely 
dominated by the air gap, the slope should be equal to po.
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Figure 5.9: B-H curve (flux density versus fleld strength)
The linearity of the B-I curve over most of the operating range is important since the 
magnetic field has a complex effect on both the plasma itself and the behaviour of the 
Langmuir probes. The ability to set and re-set the field exactly is therefore essential if 
reliable data are to be obtained. However, the setting up had to be carried out with care, to 
avoid the slight hysteresis effects.
Figure 5.10 shows a plot of arc current versus source magnet current for different gas 
flow rates. The other parameters were kept constant. There are clearly 3 regions of 
interest. At low source magnet current, the rise in arc current is almost certainly due to the 
reduced loss of electrons to the side walls due to magnetic field confinement. Above 
about 3A, this is complete and there are no further significant effects up to about 16A. 
This is reasonable as the reflex action does make ionisation efficient. The further increase 
in arc current at >16A, could be due to the increased confinement leading to a more 
localised plasma and higher local temperature at the cathode. Hence more emission and 
an arc current increase. It is however, much more complex, as emission and excitation 
limits are involved.
For the source operating conditions used, as the flow is increased (i.e. increase in 
pressure), the arc current decreases. However, the saturation is evident in each case.
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Figure 5.10: Arc current versus source magnet current for different gas flow rates (arc V = 70V)
Over the range investigated, the arc current decreases with an increase in pressure due to 
the fact the distance between collisions is reduced as pressure rises and therefore the 
energy gained by the electrons between collisions also reduces.
From the calculation for converting the gas flow into pressure shown in Chapter 2, and 
the distance between the electrodes, it is shown that the discharge operates on the low 
pressure side of the Paschen curve minimum.
The arc current, pressure and cross section for ionisation determine the rate of ion 
production. Electron lifetimes are involved hence the increase in arc current with source 
magnet current (i.e. the path length of the electrons is increased with an increase in source 
magnet current). The mobility of ions and electrons are dependent on scattering 
processes, which vary with gas pressure and temperature. This inevitably affects their 
drift velocities. The presence of a magnetic field reduces the effective mean free path of 
electrons, and hence X^  perpendicular to the magnetic field is of the order of the
Larmor radius,rL- Ion currents are little affected by the magnetic field unless it is a very 
strong field (i.e. greater than SOOOgauss (0.3T)). At high B fields, rL decreases to less than 
the chamber radius. The maximum field used in this study is 261 Gauss (.026IT) 
(equivalent to 17A of source magnet current).
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The role of the magnetic field is complex in that its ability to increase the effective 
electron path lengths not only changes the gas phase ionisation behaviour, but also 
changes the relationship between surface and gas phase collision frequencies.
5,2.4 The control unit
The control unit houses all the power supplies and the manually operated control systems 
for setting up the arc conditions. On commercial machines, the operations are all under 
computer control.
The gas module is situated in a high voltage protective unit, which covers the source 
region. The unit contains all the areas that require toxic extraction, namely the source and 
gas manifold. The gas module is capable of running one toxic gas as well as an inert gas. 
A control panel was designed and built to control the gas manifold, whilst a mass flow 
controller (MFC) was made in-house to control the gas flow. The MFC was calibrated for 
boron with a maximum flow rate of 5sccm (i.e. 0-5V reference voltage). The pneumatic 
valves which allow the flow of gas into the source are controlled by manually operated 
switches on the control panel.
The arc, bias and filament supplies, as well as the MFC are easily accessible to manually 
control the source operation. The power supplies had the following features and 
specifications. The arc supply was 150V and 7A, and could be set in constant current or 
voltage mode. Both modes were used for the different experiments. The bias supply was 
600V and 2A, and these were varied to obtain the required arc current. The filament 
supply was 7.5V and 80A, and the current was varied to obtain the required arc current.
Also located on the conti'ol unit is an EMO (emergency off) button, which is linked to all 
the power supplies, as well as the h i ^  voltage enclosure. The high voltage enclosure 
which houses the ion source and gas manifold has two trojan switches connected to the 
doors which power-off the power supplies when opened. The toxic gas monitor is also 
located in view of the operator with the sounder (alarm) on the side of the unit. The 
detector is housed on top of the gas manifold inside tlie high voltage enclosui*e.
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Gas from the gas panel was admitted via an MFC with manifold valves controlled by a 
specially designed control panel for the gas manifold, as shown in Figure 5.11.
Toxic bottle 
isolation (ESO valve)
^  VENT
Source
Isolation
® Pressure gauge
RegulatorNon-Toxic bottle
isolation
MFC Bypass
TO 
SOURCE
Figure 5.11: Gas control panel 
The gas feed rate was stable at the set value to ± 10%.
5.3 Langmuir probes: design and construction
Both single and double symmetrical probes were used in this study. The theory behind 
these methods has been described in Chapter 4.
The single probe was made by inserting a tungsten wire (0.125mm diameter) into a 
ceramic tube (0 .2 mm inner diameter), which in turn was inserted into a four-bore ceramic 
tube (2.8mm outer diameter), as shown in Figure 5.12. The rest of the wire was fed 
through ptfe tube for support. The double probe consisted of two single probes 6mm 
apart, orientated with respect to each other as shown in Figure 5.13.
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Figure 5.12: Single Probe construction
The probes were inserted through the side of the arc chamber, perpendicular to the 
magnetic field as shown in Figure 5.13.
Cathode and reference electrode
V
Arc 
chamber Double probeSmgle probe
Anticathode A = 4mm 
B = 6mm
C = varied between 3 (edge of chamber) 
and 11mm (towards the caitre of the arc 
chamber)
Figure 5.13:Probe configurations
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The probe(s) was attached to the supply and measuring circuitry, via a ceramic vacuum 
feedthrough. The cable inside the vacuum system was screened to avoid collection of 
stray electrons. The I-V characteristic between -60V and 60V was recorded for each 
measurement. The current collected then provided information about the conditions in the 
plasma according to the theoretical considerations detailed in chapter 4.
Measurements were taken at different positions in the chamber as shown in Figure 5.14. 
The measurements were designed to provide information on the spatial distribution of the 
plasma over the full extraction slit length. Both single and double probe characteristics 
were measured at each position.
Extraction slit
Q O O O
[ticathode
Arc chamber
B = 6mm 
D= 10mm 
E = 15mm 
F = 10mm
Figure 5.14: Probe positions relative to the cathode and anti-cathode
As mentioned earlier, four sets of measurements were carried out at each position, and 
this process took between 45 and 60 minutes, due to the measurements being carried out 
manually. Following measurements at each position, a new probe was fitted and 
measurements at a different position taken. With a stable plasma, the probes lasted over 
60 minutes, however, whilst running certain conditions for BFg, the probes might only 
last 20 minutes. As the double probes were floating, they were less affected and hence 
were only limited by deposits on the insulator causing the probes to short to the anode.
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5.4 Experimental techniques
The filament was set at 55 A for about 15 minutes to outgas both itself and the catliode via 
radiation heating. The bias voltage was then wound up till the bias current was 1.6A. The 
source was allowed another 15mins to warm up and outgas. The gas was then introduced 
into the chamber whilst increasing the ai*c voltage to a maximum of 70V. At the desired 
flow of Isccm, the filament current was adjusted to increase the arc cuiTent to the desired 
value of 3 A.
The operating conditions that were designated as the standard conditions are shown in 
Table 5.2. As each parameter was varied, each of the others remained at its set value.
Table 5.2: Standard operating parameters
Source parameter Set values Variables
Source magnet current (A) 5A 0,1 ,2 , 5, 8,11,14,17
Gas flow (seem) 1 seem 0.6, 1, 1.4,1.9
Arc current (A) 3A 0.5, 1,2, 3,4, 5,6
Arc voltage (V) 70V 40, 60, 70, 80,100, 120
All the source parameters aie coupled. As the source magnet is decreased, the bias power 
increases therefore slow and careful tuning was required to prevent the maximum power 
supply rating fi-om being exceeded. The same effect is observed as the arc voltage is 
decreased. The bias power increases as both the aic current and pressure are increased. 
Table 5.3 shows the typical conditions observed during the variation of pressure. For BF3, 
the bias power increases as the pressure is decreased. The arc current required cannot be 
achieved whilst running BF3 below a source magnet current of 3 A. The arc cuiTent drops 
off to well below 1 A, indicating the importance of confinement especially for BF3.
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Table 5.3: Typical operating conditions observed as the pressure is varied
Pressure
(mbar)
gas flow 
rate 
(seem)
filament
voltage
(V)
filament
current
(A)
bias
voltage
(V)
bias
current
(A)
arc
voltage
(V)
arc
current
(A)
3.50E-05 0 .6 3.67 45.6 501 1.6 70 3.08
6.00E-05 1 3.64 45.2 513 1 .6 70 3.02
8.50E-05 1.4 3.61 44.8 531 1.6 70 3.02
1.20E-04 1.9 3.57 44.1 559 1.6 70 3.07
Once the desired settings are achieved, the Langmuir probe supply is turned on and 
measurements taken. The settings are then changed and the system allowed to stabilise 
before the probe measurements are taken. The temperature of the arc chamber is 
constantly monitored using Comark data loggers. A plot of the temperature versus time 
observed as the arc current is varied (all other parameters remaining constant), is shown 
in Figure 5.15. The temperature of the arc chamber decreases as the arc current is 
decreased, as expected due to the reduced arc and bias power. More details on the 
validation of the temperature measurements are discussed in section 5 .5 .3 .
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Figure 5.15: Temperature measurements o f the arc chamber
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5.5 Discharge system validation and characterisation
Prior to caiTying out the detailed plasma measurements, it was necessary to confirm that 
the source was operating in the correct discharge regime and that the operating conditions 
could be set up reliably and reproducibly. It was also essential to chaiacterise the 
dischar ge system in terms of the effects of bias power, arc current and wall conditions 
(liners versus no liners).
Argon was chosen for the system validation because it does not form chemical 
compounds or negative ions, either of which could complicate the interpretation of 
results. At the pressures of interest, the ions are nearly all Ar^ or A r^ (approximately 
20% Ar^); there are no molecular species. This gas was also used to validate the 
Langmuir probe design, as well as to check how the magnetic field affects the electron 
saturation part of the probe characteristic. It was also used to give an insight into the 
general behaviour of the main plasma parameters.
The plasma characteristics are firom the low-pressure regime, ranging from low (lO^^m'^) 
to h i ^  (lO^^m'^) electron density. The electron temperature also ranges from a few to tens 
of volts and the ions are at approximately source temperature, and predominantly singly 
ionised. The mean free path of the ions and electrons are greater than either the probe 
radius or the Debye length, and therefore this is effectively a collisionless regime.
5.5.1 Breakdown characteristics
The typical discharge characteristics expected for an abnormal glow discharge are shown 
in Figure 5.16.
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const. V,
Figure 5.16: Typical discharge characteristic (Prof Dave Armour)
To characterise the present system, readings of arc current at different arc voltages (0- 
120V) were noted at three different bias power (BP) settings. This was repeated with 
three different gas flows (0.6, 1, 1.4sccm and 1.9sccm in some cases) and at four different 
source magnet current settings (2, 5,8, 1 lA and 17A in some cases).
Graphs of arc voltage versus arc current were then plotted.
The basic features of the classical discharge characteristic of the abnormal arc are 
reproduced for all the different settings. These measurements were carried out using both 
argon and BF3 as the feed gas, and the results are shown in Figure 5.17 to Figure 5.21. 
The breakdown voltage (indicated in Figure 5.17) is observed to decrease as the pressure 
is increased. The conditions used for the gas flow and source magnetic field (SMag) were 
the standard conditions (Isscm, 5A), low SMag (Isccm, 2A) and high SMag (Isccm, 
11 A).
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Figure 5.17: Argon discharge characteristics with no liners (g = Isccm and SMag current =  5A)
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Figure 5.18: Boron discharge characteristics (g = Isccm and SMag current = 5A). A is with tungsten
liners and B is with no liners
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Figure 5.19: Argon discharge characteristics with no liners (SMag current =  l lA ) ,  A is with a gas flo w
o f  Isccm  and B  is with a gas flow  o f  O.ôsccm
120
100 -
80 -
I 60 -
40 -
744.8
763.5
793.6
20 -
0 0.5 1 1.5 2 2.5
current (A)
Figure 5.20: Boron discharge characteristics with no liners (g  =  Isccm  and SM ag current =  11 A)
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Figure 5.21: Boron discharge characteristics (g = Isccm and SMag current = 2A). A is with no liners
and B is with tungsten liners.
The discharge characteristics shown in the figures were consistent and reproducible if the 
warm up procedures indicated earlier were followed. It can be seen that breakdown 
occurs at a much higher voltage for BF3 than it does for argon. For example, for a source 
magnet current of 5A and gas flow of Isccm, breakdown occurs at 50V for boron and 
20V for argon. However, the breakdown voltage is lowered when the plasma region is 
exposed to tungsten liners rather than the graphite chamber walls. Breakdown then 
becomes approximately 40V.
It can be seen from Figure 5.19 that as the flow rate is increased, the voltage required to 
achieve breakdown is reduced. In general, breakdown occurs at a higher voltage with a 
lower gas flow rate and the current after breakdown is also increased. It is also observed 
that higher arc currents are obtained with higher bias power settings. At a constant arc 
voltage setting, the arc current increases with bias power. This indicates that the discharge 
is operating in emission-limited mode under the conditions studied. It also indicates the 
region of the Paschen curve in which breakdown is occurring (i.e. the left hand side of the 
curve).
Over the pressure (gas flow rate) range normally used, breakdown could not be achieved 
at low source magnet fields (magnet currents below 3 A) when running boron with no 
tungsten liners, as shown in Figure 5.21. However, when a higher gas flow rate of 1.9 
seem (higher pressure) was used, breakdown was observed at 50V.
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Figure 5.18 and Figure 5.21 show the effect of the arc chamber smface on the discharge 
characteristic. With tungsten liners, the breakdown point is better defined and also occurs 
at a lower voltage.
5.5.2 Power Characteristics
The discharge current depends in a complex way, on a number of source parameters. The 
primaiy source variables include gas species and flow, bias power (measure of electron 
current to dischaige), arc voltage and source magnetic field. For the conditions used in 
ion sources, the discharge depends primarily on electron emission firom the cathode.
In this mode of operation, the stability of the ar c current, and hence the extracted beam, is 
actually dependent on the precision witli which the emission can be controlled. This is a 
complex issue in the IHC source since the temperature of the discharge cathode has to be 
controlled by the emission firom the filament in the election bombardment system. This 
double emission system, combined with the significant thermal mass of the cathode, 
presents a highly complex control problem.
Readings of arc current at different bias power settings were noted at four different arc 
voltage settings. This was repeated with three different gas flows (0.6, 1, 1.4sccm) and at 
four different souice magnet current settings (2, 5, 8 , HA). The resulting power 
characteristics that reflect the dependence of arc current on bias power are shown in 
Figure 5.22 to Figure 5.26. The slope of these curves indicates the sensitivity of the 
discharge to variation in emission.
109
Chapter 5: Experimental Apparatus and techniques
2.5 -
<
Arc voltagejI3
< 100V
80V
60V
40V0.5 -
550 600 650 700 750 800 850
Bias Power (W)
Figure 5.22: Argon power characteristics with no liners (gas flow = Isccm, SMag current = 5A).
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Figure 5.23: Boron power characteristics (g = Isccm and SMag current = 5A). A is with tungsten liners
and B is with no liners.
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Figure 5.24: Power characteristics with no liners (g =  Isccm and SMag current = 11 A). A is for argon
and B is for boron.
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Figure 5.25: Argon power characteristics with no liners (g = Isccm). A is with SMag -  2A and
B with SMag = llA .
At a constant arc (discharge) voltage, as is shown in Figure 5.26, more bias power is 
required at a lower source magnet setting, to achieve the same arc current as for a higher 
source magnet setting.
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Figure 5.26: Boron power characteristics for different source magnet settings at a discharge voltage o f
lOOV (g = Isccm)
These power curves indicate that the arc current is not extremely sensitive to bias power. 
The reason for this lower than expected sensitivity is that the loss of energy from the 
cathode due to radiation and electron emission dampens the inherent exponential emission 
characteristic. The electron emission at say 2500K from a tungsten filament is governed 
by the following:
Energy supplied = I^R and R = —
Tzr where r and 1 are filament radius and length, and I is the
filament current.
Energy lost = radiation + electron emission
Each emitted electron carries away an energy equal to e<() = 4.53eV.
= aT^ s.27irl + J(j).27irl
where J is the emission current density (Richardson), e is emissivity (= 0.3-0.4), and a  is 
Stefan’s constant (bxlO^Wm'^K^).
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= AT  exp - kT A = 1.2xlO^Am’^ K'  ^and k = 1.38xlO^"JK
J = 1.2xl0"r"exp| -52522
Since in equilibrium, energy loss = energy in,
_
nr = aT^£.27rrl + 27irl(j) 1-2x10 T exp
-52522
For tungsten, p = cT, with c = 3x10'*®, therefore.
= 1.2xl0^r^expf----cTlcTl
27tV^
3x10 -10 (5&T^  +75.436x10^ exp
T
^ 52522^^
JJ
Figure 5.27 shows how sensitive the temperature is to the filament current.
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Figure 5.27: Filament temperature as a function o f current
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Since JA = 1.2x10^ expl —1 _kT , emission (JA) can be plotted versus current, as shown
in Figure 5.28. This graph shows how well the temperature, and hence current must be 
controlled, for stable emission.
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Figure 5.28: Total emission as a function o f current
Figure 5.22 shows the power characteristic of an argon discharge under the standard 
conditions used for most of the experiments (g = 1 seem, SMag = 5A). The effect of arc 
chamber surface on the power characteristics is shown for a boron discharge in Figure 
5.23. With no liners, the discharge cannot be sustained at an arc voltage lower than 60V. 
The discharge characteristics show that breakdown occurs at a much lower voltage for 
argon than it does for boron, hence the lower arc currents obtained for boron as shown by 
the power characteristics (Figure 5.24).
The arc current increases as the bias power, pressure or arc voltage is increased. At a 
higher source magnet current setting, the value at which the gradient of the curve changes 
(increases) occurs at a lower bias power setting (Figure 5.25). At a magnet current setting 
of 2A (Figure 5.25A), the increase in arc current with bias power is a gradual one, 
whereas at 11 A, (Figure 5.25B), the increase is initially gradual but the gradient changes 
at approximately 63OW. This rapid increase in arc current will continue until saturated 
(space charge) emission or filament bum out/shorting occurs. Eventually a limit is
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reached where ion production and loss are equal (as charged particle densities increase, 
diffusion losses etc increase).
At a constant arc voltage, more bias power is required at the lower source magnet cunents 
to achieve the same arc cunent (Figure 5.26). This shows the difference in the current 
density (J = nev) between the higher and lower source magnetic fields. At h i ^  fields, the 
path length of the electrons are increased leading to more ionising collisions, whereas at 
low fields, there are less ionising collisions therefore more elections (ie higher bias 
power) aie required to produce the same arc current.
The reflex geometry is proved because tihe current density increases with source magnet 
current. As well as increasing the effective path length of the electrons, the magnetic field 
also reduces effective diffusion and mobility of the electrons. As mentioned eai*lier, ion 
currents are little affected by the magnetic field unless it is a very strong field (i.e. greater 
than 3000gauss (.3T)).
The data discussed in this section were consistent and reproducible, confirming that 
appropriate levels of control were in place. All the curves show that the discharge is 
emission limited.
5.5.3 Temperature Measurements
Source temperature is a very important consideration when condensable feed vapours are 
used. Condensation of the feed material can cause breakdown of insulators and lead to 
flake formation on the walls of the arc chamber, which in turn can lead to erratic 
behaviour. Flake foimation and surface modification can also be caused by chemical 
corrosion and is probably one of the major causes of the inconsistency in behaviour so 
characteristic of ion sources. The rate of these chemical changes on the surfaces exposed 
to the plasma tends to increase with increasing temperature.
The temperatures at four different parts of the arc chamber were monitored for the 
different operating conditions using K-type thennocouples (see location in Figure 5.29). 
The measurements were conducted with tungsten liners in the arc chamber.
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Figure 5.29: Location of thermocouples; D is located on the other side o f the arc chamber
These sets of experiments were carried out to observe the effects of filament, bias and gas 
on the temperature around the arc chamber. The tests carried out included the running of:
• Filament only
• Filament and bias only
• Filament, bias and gas
• Filament and gas only
In Figure 5.30, the filament alone was initially switched on. After 16minutes, the bias was 
set to 367W for 15minutes. Finally, three different gas flows were introduced one after 
the other to see the effect they have on the temperature. The temperature of the arc 
chamber was logged every minute using Comark dataloggers.
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Figure 5.30: Temperature monitoring o f the arc chamber under set conditions (filament current=70A)
The filament was then run on its own at a filament current of 70A until the temperature 
reached an equilibrium value. An additional thermocouple was placed beneath the 
baseliner in the arc chamber. The results of this study are shown in Figure 5.31.
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Figure 5.31: Filament saturation (filament current =70A)
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Once the filament temperature had saturated, the bias power, gas feed and arc were turned 
on. This is shown in Figure 5.32.
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Figure 5.32: Temperature measurements carried out with an added thermocouple beneath the baseliner
Figure 5.33 shows temperature measurements recorded during the running of an argon 
discharge. The plot shows the stability of the temperature around the arc chamber during 
Langmuir probe measurements.
These results are more or less as expected on the basis of the power inputs, graphite 
conductivity and pressure dependence of the thermal conductivity of the gas.
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Figure 5.33: Temperature measurements carried out whilst running an argon discharge
Graphite is a good conductor and consequently, there is only a 60^C temperature 
difference between the cathode and anticathode ends of the chamber (Figure 5.30). The 
drop in temperature as the gas flow is increased reflects the dependence of the thermal 
conductivity of the gas on pressure in this regime.
As expected on the basis of the individual power inputs, the temperature rises 
significantly when the bias is turned on (Figure 5.30 and Figure 5.32). When the filament 
was set at 50A (P = 148W), the temperature reached an equilibrium of between 185 and 
200®C at the different parts of the arc chamber, whereas at 70A, the equilibrium was 
between 260 and 340®C (see Figure 5.31). The baseliner temperature was 53^C higher 
than the cathode temperature. This would explain the hot spot observed on the part of the 
liner directly above the gas feed line. The cathode is 24^C hotter than the anticathode in 
this particular run.
With the filament on and no bias voltage, the baseliner is much hotter than any other part 
of the arc chamber. However, during full discharge operation, the cathode region and mid 
arc chamber (bias side), both operate around the same temperature as the baseliner, which 
is between 600 and 690^C (Figure 5.32).
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One of the major problems in discharge sources is the fact that cathodes not only emit 
electrons, but also attract positive ions, which erode the cathode thus limiting its useful 
life. The ion bombardment creates regions of high temperatui e called hot spots. It follows 
that thermionic emission of electrons should occur from the hot spots. The ions also cause 
evaporation of the metal from these regions of h i ^  temperature. In h i ^ y  reactive 
plasmas containing halogens, for example, there can also be chemically enhanced 
sputtering where the production of compounds with low surface binding energy leads to 
significantly enhanced erosion rates. As the erosion rate due to sputtering will depend on 
the ion flux, which will vary over the surface of the cathode, there is the additional 
problem of localised thimiing which is a self-perpetuating process due to the overheating 
of the filament/emitter in the regions of smallest cross section. The extent to which 
sputtering occurs depends on the current density and ion energy. The latter increases with 
the arc voltage since most of its voltage is dropped across the cathode fall. The arc 
voltage range used produces ion energies just above the sputtering tlireshold where the 
sputtering rate rises quite rapidly with ion energy. The escape of atoms is dependent on 
the gas pressure and increases as the gas pressure decreases.
5,6 Langmuir probe validation
The interpretation of Langmuir probe data is complicated by geometrical issues, and 
where a magnetic field is present, electron saturation problems. From a purely practical 
point of view, there are also a number of pitfalls. Electrical leakage or more significantly 
changes in electrical leakage due to coating of the insulation round the probe, can lead to 
effective changes in probe area, and hence detected current. It can also lead to spatial 
variations in the plasma by effectively increasing the region sampled. It is therefore 
essential to determine the useful operating lifetime of any probe. To do this, 
characteristics were taken from an argon plasma using both the single and double probe 
arrangements. Plots such as those shown in Figure 5,34 were obtained and all the plots 
were reproducible. Several plots were repeated regularly on different days and similar 
results were observed. No changes in I-V characteristics were obseiwed over periods of 
up to four* weeks.
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Figure 5.34: Typical Langmuir probe characteristics. A is a double probe characteristic and B a single
probe characteristic
Each set of data, shared a common point, this being the standard values mentioned above 
(source magnet current = 5 A, gas flow rate = 1 seem, arc current = 3 A and arc voltage = 
70V. The error in the measurements can then be calculated as shown in Table 5.4. The 
four sets of data took approximately 60 minutes to collect.
Table 5.4: Percentage error for electron temperature and electron density at a set point in the plasma 
(3mm of insulator into chamber) for the single probe
Tel (eV) Te2 (eV) Nei (m*^ ) Ne2 (m- )^
Run 1 2 .1 0 16.53 3.42x10^^ 2 .6 6 x1 0 '*
Run 2 1.92 16.45 3.73x10^^ 2.32x10'*
Run 3 2 .0 2 16.80 3.50x10^^ 2.37x10'*
Run 4 2.31 16.59 2.67x10^^ 2.34x10'*
Average 2.09 16.59 3.33x1017 2.42x10'*
Standard deviation 0.16 0.15 4.6x10'* 1.62x10"!
% Error of mean 7.81 0.90 13.83 6.70
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Three sets of double probe measurements were taken at different times for the same 
conditions (Figure 5.35 and Figure 5.36) and a percentage error obtained. This did not 
exceed 10%.
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Figure 5.35: Error in electron temperature measurements
The same was done for the electron density as shown in Figure 5.36.
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Figure 5.36: Error in electron density measurements
Analysis of the data taken at different times on both probe systems was found to yield 
values for Te, N,,e, Vp and Vf that were consistent within 14% for any specific set of 
conditions and probe arrangement.
The procedure used to obtain the errors shown in Table 5.4 will be used for all the data.
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Chapter 6
6 Experimental results and discussion
6.1 Introduction
In the present study, the plasmas created in a state of the art indirectly heated cathode 
(IHC) ion source were characterised using single and symmetric floating double 
Langmuir probes. The overall current-voltage chaiacteristics of the discharges, and the 
source wall temperatures were also measuied.
The reproducibility of the dischai ge characteristics, as shown in Chapter 5 confirmed that 
the plasma conditions could be established and re-established reliably. Argon, as 
mentioned in Chapter 5 was used for the system validation. It was also used to test the 
constructed Langmuir probes. Most of the data presented in this chapter relates to BFg 
plasmas. However, some comparisons between this species and argon will be made.
To help the understanding of beam tuning and plasma physics in the IHC ion source, the 
effect of source parameters (arc voltage, arc current, source magnet current and pressure) 
on electron temperature (electron energies) and plasma density have been investigated. 
The source parameters that had the strongest effect on electron temperature and density, 
as well as spatial distribution i.e. plasma uniformity along the extraction slot 
(measurements were taken at the cathode, mid-chamber and anti-cathode), can clearly be 
seen.
The effects on the source operation (in terms of electron temperatuie and density) of the 
following hardware changes:
- Source electiical configuration: floating anti-cathode versus reflex (anti­
cathode connected to cathode)
- Arc chamber internal surface (tungsten or graphite) 
were investigated.
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Four variables were explored, for each of the tests, namely:
• Effect of sour ce magnet current on plasma parameters
• Effect of pressure on plasma par ameters
• Effect of arc cun ent on plasma parameters
• Effect of ar c voltage on plasma par ameters
Langmuir probe characteristics (JN  curwes) were plotted and using the analysis methods 
discussed in Chapter 5, the plasma parameters were obtained. The effects of each of the 
variables were investigated at different points in the arc chamber (anticathode, cathode 
and middle of arc chamber), and at radial positions in the arc chamber.
Section 6.2 explores the effect of the source parameters on electron temperature and 
density, with the single and double probe configm*ation. The source electrical 
configuration (reflex action and floating anti-cathode modes) also has a significant effect 
on the electron temperatures and densities as shown in section 6.3. This, combined with 
the effect of the liners, showed different trends under different source operating 
parameters. Both the double and single probe measurements were carried out in different 
spatial positions in the discharge chamber in order to assess the spatial uniformity of the 
plasma. This is explored in section 6.4. The effect of different source operating 
conditions on electron temperature and density as a function of position in the arc 
chamber along the central axis parallel to the beam extraction directions is explored in 
section 6.5. By varying the magnetic field, and changing the discharge chamber wall 
material firom graphite to tungsten (by inserting liners), the role of the surfaces in 
determining the overall cracking behaviour and B^ ion production, is explored in section 
6.6.
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6.2 Effect of source parameters on electron temperature and 
density
Single and double probe data have been compared below for the reflex action mode, with 
tungsten liners. This is the standard mode of operation of the IHC source in industry. The 
I-V characteristics are shown for completeness.
Data was taken at the same positions for different source operating conditions. The probe 
tip was located 7mm into the arc chamber (i.e. 3mm of insulator present in the chamber; 
location C in figure 5.13), at the mid-chamber axial position. Values obtained for electron 
temperature and density are shown below. As mentioned in Chapter 4, the double probe 
set-up is a floating system and hence only samples the relatively small quantity of higher 
energy electrons (Tez) present. The single probe samples most of the distribution and 
hence the higher electron temperature obtained fi'om the single probe distribution should 
be comparable to that obtained fiom the double probe distribution.
6.2.1 Source magnetic field effects
Figure 6.1 shows the I-V characteristics obtained for a 3 A arc running BF3, with different 
source magnet settings. As mentioned in Chapter 5, the desired arc current of 3 A could 
not be obtained whilst running BF3, with a source magnet current below 4A. The 
fractionation and ionisation of BF3, required a higher source magnetic field to be applied 
than that for argon. In argon, it was possible in some cases to get 3A of arc with no 
source magnet current. It is assumed that the greater range of inelastic energy loss 
processes available in the molecular species is why the discharge current was not 
obtained at the lower sour ce magnet currents for BF3.
In general, the characteristics show that, as the source magnet current is increased, the 
current collected by the probe at any given bias condition also increases i.e. an increase in 
both the electron and ion saturation currents and in the currents measured over tlie major 
part of the electron retarding region.
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Figure 6.1: Langmuir Probe characteristics for different source magnet current settings. A shows the 
single probe and B shows the double probe characteristics
Summary graphs showing the dependence of electron temperature and density on source 
magnet current for the BF3 discharges are shown in Figure 6.2 and Figure 6.3. The trends 
observed in these figures show that magnetic fields corresponding to magnetic currents 
>5A lead to high electron densities >5xl0^^m'^. It is interesting to note that following the 
increase in density up to 8A, the magnetic field has little effect on density thereafter. This 
is consistent with the arc current measurements shown in figure 5 .1 0 , and the same 
explanation holds. The drop in electron temperature with increasing magnetic field is 
most marked in the same range of source magnet currents as that in which the electron 
density increase occurs. This is consistent with the reduced loss of electrons due to the 
increasingly effective magnetic confinement.
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Figure 6.2: Effect o f magnetic field on electron temperature in the reflex mode
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Figure 6.3: Effect o f magnetic field on electron density in the reflex mode
129
Chapter 6: Experimental results and discussion
Figure 6.4 shows the source magnet effects observed for argon discharges under the same 
conditions, using the single probe. For magnet currents above about 5 A, Tei obtained for 
argon is 2 to 3eV smaller than that obtained for BF3, but Te2 is consistently higher at 
higher source magnet currents. As measurements could be taken at zero magnetic field 
with argon, the full effect of having a source field present can be observed. Tei is seen to 
be very high initially, then it drops off dramatically up to a current of 5A after which, in 
common with the BF3 case, it changes only slightly. The reverse effect is observed for 
Nei, where there is a very rapid increase between 0  and 5A, followed by a much slower 
rate of increase at higher currents. Te2 and Nei remain relatively constant, however, Nei 
does decrease slightly (fi'om 6.14xl0‘‘^m‘^  to 9.89x10'^ '^m'^ ). In BF3, Nei also showed a 
slight increase.
20 4.50E+17
4.00E+17
3.50E+17?
3.00E+17g3
2.50E+17&Ic 2.00E+17Te1Te2
Ne1
Ne2
2 1.50E+17I 1.00E+17
5.00E+16
O.OOE+00
0 2 4 6 8 10 12 14 16 18
I
o
LU
source magnet current (A)
Figure 6.4: Effect o f magnetic field on electron temperature and density in the reflex mode for argon.
It is clear fi'om the observations that source magnet currents in the range below 5A have
the most significant effect on the electron density and temperature in the source plasma.
Inspection of the data in Table 6.1 provides an explanation for this phenomenon. It can be
seen that the electron Larmor radius becomes very small compared to the arc chamber
dimensions (with the tungsten liners present, length 85mm and diameter 34mm), as the
magnet current is increased to 5A. At a current of lA, the radius is approximately 5mm,
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which is a significant fraction of the dimensions of the chamber. At 5A, it has fallen to 
0.7mm, and is very small compared to the chamber dimensions. Further increase in the 
magnet current, reduces the radius, but the key change has occurred. Essentially, the 
increase in electron lifetime over the magnet current range is responsible for the major 
parts of the reduction in electi on temperature, and the increases in electron density.
A further interesting feature of this table is the change in the Debye length with magnet 
current. The values shown confiim that the Debye length is small compared to the probe 
radius and the ai*c chamber dimensions, at magnet currents above about 5A. Hence, 
effective probe radius effects do not affect any of the BFg data or most of the argon data. 
However, the dramatic increase in Nei seen in Figure 6.4 for the ai'gon plasmas at low 
magnet cun ent, is actually an underestimate of the true increase. At zero magnet current, 
the Debye length is 0.169mm i.e. similar to the probe diameter. Hence, the effective 
probe diameter is approximately thiee times the actual wire diameter. Since current 
measured on the probe is proportional to area, this means that the zero magnet current 
density is about an order of magnitude less than that shown in Figuie 6.4 if the area is 
coiTected to that relevant to the h i^ e r  magnet currents.
From an operational ion implanter point of view, the above measurements of plasma 
density and electron temperature in Ar and BFg plasmas offers no simple explanation for 
why the source magnet cuiTent is usually found to be a very critical beam tuning 
parameter. In the case ofB* beams extracted fi'om BF3 plasmas, very high source magnet 
currents generally produce the highest cunent beams, with a beam cunent dependence on 
source magiet current that does not minor the compaiatively minor increase seen in 
election density over the same magnet cuiTent range. This implies that some other aspect 
of the source plasma is critical. This may be the detailed shape and position of the plasma 
boundary in the region of the extraction slit. In addition to changing the plasma density 
and electron temperature, the source magnetic field also affects the density distribution 
and plasma potential. At high fields, it also has the deleterious effect of increasing hash, 
but this is clearly over-ridden by tlie other effects.
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Table 6.1: Argon plasma parameters obtained from a single probe configuration
Source 
magnet 
current (A)
Tel
(eV)
Te2
(eV)
Nei (m') N^(m") Debye
Length
(m)
Ion laimor 
radius (m)
Electron 
larmor radius 
(m)
0 8.93 16.89 1.72E+16 6.14E+15 1.69E-04 0.205 1.94E-02
1 8.74 16.10 2.93E+16 7.18E+15 1.28E-04 0.203 5.39E-03
2 3.84 15.17 9.24E+16 2.14E+15 4.79E-05 0.134 2.15E-03
5 2 .1 0 16.53 3.42E+17 2.66E+15 1.84E-05 0 .1 0 7.07E-04
8 1.85 17.15 3.57E+17 1.48E+15 1.69E-05 0.093 4.38E-04
11 1.63 17.79 3.80E+17 1.12E+15 1.54E-05 0.089 2.55E-04
14 1.49 17.86 4.12E+17 1.07E+15 1.41E-05 0.084 1.91E-04
17 1.30 18.56 4.41E+17 9.89E+14 1.28E-05 0.078 1.47E-04
Table 6.2 shows that the plasma potential falls as source magnet current increases. This is 
in line with the changes in electron temperature. However, the changes are so small at 
h i ^  currents that they are unlikely to affect the behaviour of the ions as they leave the 
plasma. Hence, the most probable reason for the critical dependence of beam current on 
source magnetic field is tlie role of the detailed shape of the plasma boundary. Very small 
changes in the shape of what is generally recognised as the most critical element in the 
extraction lens, can have a major effect on the beam.
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Table 6.2: Single probe argon plasma parameters
Source magnet 
current (A)
Ion temperature, Ti 
(eV)
Plasma potential (V) Floating potential 
(V)
0 8.45E-03 29.86 -26.38
1 1.02E-02 27.58 -21.29
2 2.50E-02 10.25 -16.45
5 3.63E-02 6.74 -13.29
8 4.76E-02 5.48 -5.81
11 4.82E-02 5.74 -4.15
14 4.62E-02 5.98 -3.79
17 5.25E-02 5.48 -3.3
6.2.2 Gas flow rate effects
Figure 6.5 shows the I/V characteristics for a) single and b) double probes obtained for 
different gas flow rates. It follows that the current collected by the probes tends to 
increase as the gas flow rate increases.
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Figure 6.5: Langm uir Probe characteristics fo r  different gas f lo w  rates.
Using the standard Lnl versus V analysis for the single probe, the graphs in Figure 6 .6  
show that there are two distinct electron temperatures, Tei and Xe2, in the plasmas created, 
at all the different gas flow rates (under standard conditions).
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Figure 6.6 : Ln (current) versus voltage for different gas flow rates
On the basis of the data, the summary graphs showing the dependence of electron 
temperature and density on gas flow rate were derived. These are shown in Figure 6.7 and 
Figure 6 .8 . It can be seen in Figure 6.7 that the electron density increases up to a flow rate 
of 1 seem and then remains relatively constant, whilst a decrease in electron temperature, 
as shown in Figure 6 .8 , is observed. When the pressure increases, there are more neutrals 
present, hence the distance between collisions (mean free path) decreases, and more 
inelastic collisions occur. This inevitably leads to an increase in the equilibrium electron 
density. However, the reduction in mean free path means that less energy is gained 
between collisions and this effect contributes to the fall in electron temperature associated 
primarily with the transfer of electrons from the high energy part of the distribution to the 
low energy region.
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Figure 6.7: Effect o f flow rate on electron density in the reflex mode
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Figure 6.8: Effect o f flow rate on electron temperature in the reflex mode
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6.2.3 Arc current effects
Figure 6.9 shows the trends obtained for different arc current settings. As expected, the 
current collected by the probe increases with increasing arc current. However, it is clear 
from the single probe data that the increase is not linearly related to the arc current. This 
is confirmed in the summary graph Figure 6.10 where the rapid rise in electron density at 
arc currents up to 2A does not continue at higher arc currents. The most significant 
change in electron temperature also occurs in this comparatively low arc current regime 
(Figure 6.11).
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Figure 6.9: Langmuir Probe characteristics for different arc current settings
While the general trends in the behaviour of electron density and temperature with 
increasing arc current follow the expected pattern, the increase in arc current from 2A to
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5A is associated with a less than 20% (at most) increase in plasma density. Since the arc 
current is simply the sum of the electron current in the anode and the ion current in the 
cathode, this discrepancy can only be explained if there is a significant change either in 
electron temperature i.e. higher electron velocities and hence current, or in the ion 
velocities themselves. The electron temperature for the low energy electrons that are 
dominant does not change significantly over the arc current range (Figure 6.11) so the ion 
velocities must provide the explanation.
It is known from experience with commercial implanters, that high currents can only 
be obtained at high arc currents. It appears that high arc currents and high source 
magnetic fields are required to optimise the yield. If the increase in arc current from 
2A to 5A is associated with a change in the dominant ion species from BF%^  (mass 
49amu) to B  ^ (mass llamu), there will be a significant change in ion velocity at the 
cathode, since the voltage across the dark space does not change significantly. It is equal 
to Vare + Vpiasma and siuce Varc»Vpiasma, Small changes in Vpiasma have little effect.
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Figure 6.10: Effect o f arc current on electron density in the reflex mode
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Figure 6.11: Effect o f arc current on electron temperature in the reflex mode
In order to assess the possible contribution of changes in average ion mass, the currents 
obtained for the same ion density but different cracking are shown in Table 6.3. The 
cracking patterns used have been chosen to reflect the beam populations of the different 
ion species, for different arc currents. Since the current density is proportional to velocity, 
and velocity is proportional to 1/m*^, then the change in current due to the changes in 
cracking pattern (average mass) is a factor of 1.2. This factor is not large enough to 
account for the lack of correlation between the plasma density and arc current changes, 
and other currently unexplained factors must be involved.
Table 6.3: Current density for different cracking percentages
50% BF2^ 50% B  ^ 1
2 0 % B^ 2 0 % BFz^Percentage cracking of BF3 ;15% BF^ 15% BF^
15% F^ 15%F+
Current Density (mA/cm^) 27.23 33.38
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6.2.4 Arc voltage effects
Single and double probe characteristics were measured for arc voltages from 40 to 120V, 
the same used in the data as in Figure 6.12. The electron temperature and density 
dependencies on this parameter are shown in Figure 6.13 and Figure 6.14 respectively.
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Figure 6.12: Langmuir Probe characteristics for different arc voltage settings
The electron temperature graphs are particularly interesting in this case as the temperature 
associated with the electrons with the high energy distribution rises significantly in the 
60-120V range. This result is seen only in the double probe data and probably reflects the 
sensitivity of this technique to the high energy part of the distribution. Even for the single
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probe, the data indicates a rise in the temperature associated with the higher energy 
distribution. However, as in all other cases, there is a significant discrepancy between the 
two techniques. The dependence of the higher temperature on arc voltage and the fact the 
temperature associated with the lower energy distribution is virtually unaffected by 
changes in this parameter indicates, as already suggested, that the energies of the 
electrons in the higher energy distribution have a more direct link with the initial 
acceleration voltage than those associated with the low electron temperature. The more 
“primary like” electrons constitute about 5-10% of the total number of electrons and are 
those that have undergone fewer collisions on their way to the probe.
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Figure 6.13: Effect o f arc voltage on electron temperature in the reflex mode
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Figure 6.14: Effect o f  arc voltage on electron density in the reflex mode
6.3 Effect of source electrical configuration on electron 
temperature and density
After looking at the effect of source parameters on electron temperature, the effect of 
source electrical configuration on electron temperature and density were investigated. 
The source configuration plays a significant role on the electron temperature and density. 
The floating anti-cathode mode experiments were performed to find out how much the 
reflex geometry affects the electron temperature and density within the source. The reflex 
geometry is considered to be a key feature in the success of both the Bemas and IHC 
sources in commercial ion implanters. The reflex and floating anti-cathode modes have 
been compared in the figures below (Figure 6.15 to Figure 6.22).
Double probe BFg data was taken at the same positions for the different source operating 
conditions. The probe tip was positioned 7mm into the arc chamber (i.e. 3mm of 
insulator present in the chamber), mid-chamber. Values obtained after the standard 
analysis for electron temperature and density, mid-chamber are shown in Figure 6.17, 
Figure 6.20, Figure 6.21 and Figure 6.22.
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6.3.1 Source magnetic field effects
Initially, single and double probe data were taken at the same positions for different 
source operating conditions. The current collected by the single probe in the floating anti­
cathode mode is almost half the value of that collected in the reflex mode. This 
immediately suggests a much reduced plasma density and/or electron temperature. Since 
the role of the reflector is to reduce electron loss, it would be expected that the electron 
temperature in the non-reflex mode would be higher. The values obtained after the 
standard analysis for electron temperature and density are shown in Figure 6.15 and 
Figure 6.16.
The same trends observed in the reflex mode (section 6.2.1), are seen in the floating anti­
cathode mode.
20
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Figure 6.15: Effect o f magnetic field on electron temperature in the floating anti-cathode mode (with
tungsten liners)
Nei and Ne2 (double probe) seem to remain relatively constant as the source magnet 
current is increased. Ne2 (single probe) decreases as is seen in the reflex mode (without 
liners).
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Figure 6.16: Effect o f magnetic field on electron density in the floating anti-cathode mode (with
tungsten liners)
A comparison of double probe data between the reflex and floating anti-cathode mode 
was then made, as shown below. Bearing in mind that the measurements refer to the hot 
electron distribution, the electron temperature is observed to be marginally higher in the 
floating anti-cathode mode than in the reflex mode (this is also observed with argon). 
This could be explained by the fact that in the reflex mode the axial electron losses are 
reduced and the electrons undergo more collisions as a consequence of travelling back 
and forth between the cathode and anti-cathode, thereby losing more energy.
The difference between the two modes of operation is not as significant as is seen in 
argon, although they do follow similar trends to that observed with BF3. Unlike with 
argon, as the source magnet current is increased, the electron temperatures obtained in 
both modes become comparable. The two electrical configurations are compared in 
Figure 6.17. It is clear that as far as the “hotter” electrons are concerned, the same trends 
are observed for both modes. The electron temperature and density are both found to be 
higher in the floating anti-cathode mode but the differences are within the error bars.
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Figure 6.17: Effect o f source electrical configuration and source magnet current on electron
temperature and density
Figure 6.18, shows that the electrical configuration of the source does not affect the 
general behaviour of the hotter electrons at any source magnet current. However, the 
electron temperatures in the BF3 plasmas are consistently higher than those in argon. At 
first sight, this result is somewhat surprising since the wider range of energy loss 
processes available in the molecular species would be expected to lead to lower electron 
temperatures. However, the electrons being observed here may not be those mainly 
responsible for exciting the molecule into higher vibrational or rotational states.
145
Chapter 6: Experimental results and discussion
Argon: Reflex
Argon: Floating anti-cathode 
Boron: Reflex
Boron: Floating anti-cathode
18 -
16 -
14 -
12 -
g- 10 -
4 6 8 10 12 14 16 18
source magnet current (A)
Figure 6.18: Effect o f  source electrical configuration on argon and boron compared.
The electron density data in Figure 6.19 indicate that there is little difference between the 
two gases and the two modes. In agreement with data discussed earlier, the density in the 
floating mode is marginally higher than that in the reflex mode, but the differences are 
not significant. With the exception of the floating anti-cathode mode, the densities do not 
show a significant dependence on magnet current, indicating that the lifetimes of these 
hotter electrons are not significantly affected by the magnetic field (Their production rate 
is associated with emission from the filament which should not change, so these loss rates 
also remain constant as the source magnet current is varied).
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Figure 6.19: Effect o f source electrical configuration on argon and boron compared
6.3.2 Gas flow rate effects
The effects of gas flow rate (source operating pressure) on the electron density and
temperature are shown in Figure 6.20 for the two electrical configurations. Over the gas
flow rate range in which the measurements overlap, the electrical configuration appears
to have very little effect on the electron temperature. In agreement with Figure 6 .8 , a drop
in electron temperature in the range up to Isccm is observed followed by a pressure
independent regime up to the maximum flow rates used. This is consistent with the
balance between the increase in collision frequency and the reduced energy gain between
collisions. Again, with the error bars, the electron densities are more or less the same in
the two modes. At first sight this is surprising since higher ion beam currents are almost
always obtained using the standard reflex mode of operation. Once again these data
indicate that either it is not the hot electrons that are responsible for the difference, but
the position and distribution of the plasma must also be important from the point of view
of beam extraction. In the reflex mode, the most dense plasma is known to be largely
confined to the central axis region between the cathode and anti-cathode while without
the reflex action it may be more diffuse and less well aligned with the extraction slit. The
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plasma was too noisy at the lower pressure setting (gas flow rate of 0 .6 sccm) to collect 
data in the floating anti-cathode mode.
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Figure 6.20: Effect o f source electrical configuration and flow rate on electron temperature and density
6.3.3 Arc current effects
The electron temperature and density increase as the arc current is increased, in both 
modes. The rates of increase of these quantities observed in the reflex mode are 
marginally lower than in the floating mode (Figure 6.21). Overall, however, in common 
with the effects seen in the magnet current and flow rate studies, the behaviour of the 
electrons in the high temperature electron distribution in the two modes of operation is 
more or less the same. This indicates, as already suggested, that it is not these electrons 
that are involved in the key beam enhancement processes occurring in the reflex mode 
operation. A further possible implication of these observations is that the enhanced 
cracking is not caused by a single high energy electron impact process but by multiple 
collisions. This implies that electron lifetime is the crucial cracking issue.
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Figure 6.21: Effect o f source electrical configuration and arc current on electron temperature and
density
6.3.4 Arc voltage effects
The dependence of electron temperature and density on arc voltage are shown in Figure 
6.22. As expected in view of the earlier observations, the reflex action does not appear to 
have any significant effect on either of these source plasma parameters. The increases 
seen in both electron density and temperature as the arc voltage is increased are expected, 
since the electrons involved are believed to be more “primary like” than the main bulk of 
electrons.
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Figure 6.22: Effect o f source electrical configuration and arc voltage on electron temperature and
density
6.4 Spatial distribution of electron temperature and density 
along the axis of the arc chamber parallel to the extraction 
slit
The quality and magnitude of the ion beams transported to the wafer of a commercial, 
high current ion implanter have been shown to depend critically on a wide range of 
source parameters. The electron density and temperature in the source plasma are 
important, particularly for beams extracted from plasmas created in BF3. Other 
parameters such as arc chamber material and plasma uniformity also play significant 
roles.
In this section, the measurements of the spatial distributions of the plasma density and 
electron temperature in a standard source are described and compared with the 
distributions seen in a source in which the anti-cathode is allowed to float.
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6.4.1 Distributions in a standard source i.e. reflex action mode (anti­
cathode connected to cathode) and tungsten liners in place
a) Single probe data
Single probe data were taken at the anti-cathode, mid-chamber and cathode end, with the 
probe tip placed 7mm into the arc chamber at each location, (i.e. 3mm of insulator 
present in the chamber) -  see Figure 5.13. The values obtained for electron temperature 
and density in each position as the main source control parameters (Source magnet 
current, pressure, arc curr ent, arc voltage) were varied are shown below in Figure 6.23 to 
Figure 6.31.
Figure 6.23 shows the spatial variation of electron temperature as a function of source 
magnet current. Within experimental error, the electron temperatures associated with the 
two temperature distributions, behave in similar ways, as the source magnetic field is 
increased. In the case of tlie lower temperature electrons, the temperature close to the 
cathode is consistently higher than that at the anti-cathode end by about 3eV, with the 
mid-chamber temperature maintaining a value in between the end temperatures. This is 
not inconsistent with a model of the plasma in which the cathode end is continuously fed 
with a supply of energetic electrons that have been accelerated across the dark space 
(cathode fall) after emission. These electrons lose energy rapidly in inelastic collisions as 
they traverse the plasma towards the anti-cathode. As they approach tliis electrode to 
within a few Debye lengths, they are repelled and move back towards the cathode. The 
stronger the axial magnetic field, the lower the radial loss rate, so the electrons effectively 
oscillate between the two electrodes for longer times. Because losses are reduced, the 
remaining electrons have the opportunity to lose more energy and tliere is a tendency for 
electron temperature to fall as the magnetic field, and hence the confinement increases. 
The fact that Tei is higher at the cathode end is consistent with the supply of energetic 
electrons. At tlie anti-cathode end, this supply does not exist and the Tei is at its lowest 
value.
If the above argument holds for the lower temperature electrons, it would be expected 
that it would also apply to the more “primary like” electrons that populate the higher
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temperature (T^) distribution. That Te2 is highest in the middle of the chamber and 
decreases towards the cathode and anti-cathode ends, with the larger drop towards the 
cathode, is not easy to explain in terms of the physics of the discharge. However, the 
rapid drop in electron temperature at the cathode end, as the source magnet current is 
increased from 5 to 8A, suggests that there may be a collection problem. The increased 
collimation may change the collection of the “primary like” electrons that have just left 
the cathode i.e. the first pass electrons. The more energetic oscillatory electrons will be 
collected with unchanged efficiency due to Coulomb scattering along the path.
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Figure 6.23: Spatial distribution o f electron temperature as the source magnet current is varied (reflex
mode; W liners)
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The electron density data shown in Figure 6.24 a and b is of particular interest from the 
point of view of implanter perfoimance. Vertical beam profiles on commercial machines 
consistently show beam non-uniformities that suggest that the source plasma is more 
dense at the anti-cathode end of the source. The results in Figure 6.24a for the more 
numerous, low temperature electrons, clearly confirms that this is the case. At high 
magnetic fields, the density at the anti-cathode end of the arc chamber is approximately 
three times higher than that in the mid-chamber position, and almost foui* times h i^ e r  
than at the cathode end. This non-uniformity in density is associated with consistently 
lower election temperatuie in this region of the plasma. Essentially for the cooler 
distribution, the electron temperature and densities at the cathode end and mid-chamber 
positions are not too dissimilar. Since the electron loss rates tlirou^out the chamber 
would be expected to be similar, this implies that the electron production rate for low 
energy electrons is at its highest at the anti-cathode end. This could be the case if  the 
electron energies in this region were optimised for ionisation collisions. It is interesting to 
note in Figure 6.26 and Figure 6.31 that the electron density in this region is considerably 
more sensitive to pressure and arc voltage than is the case for the other regions of the arc 
chamber. These observations may reflect the fact that the effective stopping power of the 
primary electrons in the source plasma is such that they reach the optimum energy in the 
region close to the anti-cathode only for quite specific pressures and arc voltages.
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Figure 6.24: Spatial distribution o f electron density as the source magnet current is varied (reflex mode;
W liners)
The pressure (flow rate) dependences of the electron densities and temperatures in the 
different regions of the source plasma are shown in Figure 6.25 and Figure 6.26. In all 
cases, for both the high and low temperature distributions, the temperatures fall as the 
pressure is increased in the region above a flow rate of Isccm. With the exception ofT ^ 
in the cathode region, this fall is seen from 0.6sccm upwards. The fact that Te2 close to 
the cathode is not as sensitive to pressure in the lower region is probably due to the small 
path length involved between the edge of the dark space and the probe. The temperature 
falls observed are not inconsistent with the reductions in mean free path associated with 
increasing gas density.
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Figure 6.25: Spatial distribution o f electron temperature as the flow rate is varied (reflex mode; W
liners)
The most striking feature of the pressure dependences of the electron densities (Figure 
6.26 a and b) is the rapid rise in the density of the cooler electrons in the anti-cathode 
region over almost the entire gas feed rate covered. As already discussed, this does 
indicate that the ionisation efficiency in this region of the plasma is at its highest. The 
general tendency for the density of the hotter electrons in the anti-cathode and mid­
chamber regions to fall at the higher pressure is consistent with their more “primary like” 
characteristics. The pressure dependence of the hotter electrons close to the cathode is not 
as clearly defined. In view of the size of the error bars, it is possible that the apparent and 
difficult to explain rise in their density at the higher pressure, is not a real effect.
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Figure 6.26: Spatial distribution o f electron density as the pressure is varied (reflex mode; W liners)
As expected, the electron temperatures associated with the two distributions do not show 
any significant dependence on arc current. The results shown in Figure 6.27 confirm that 
this is true for all the regions of the plasma studied. This reflects the fact that the 
temperatures are determined by the nature of the electron production and loss processes, 
rather than by the magnitude of the associated rates. Because of the magnitude of the 
errors, no significance can be attached to the detailed shapes of the curves, such as that 
for the higher temperature in the mid-chamber region.
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Figure 6.27: Spatial distribution o f electron temperature as the arc current is varied (reflex mode; W
liners)
The dependence of the electron densities in the different regions of the plasma on arc 
current are shown in Figure 6.28 a and b. As already discussed in some detail, the 
observed dependence of electron density on arc current in the anti-cathode position can 
only be explained on the basis of a change in the ion species being responsible for the arc 
current increase i.e. an increased fraction of lighter and hence faster ions in the plasma. 
The comparative insensitivity of plasma density to arc current changes, is observed in 
both the cathode and mid-chamber regions of the plasma over most of the arc current 
range covered. The rapid rise in the densities of the hotter electrons in these regions of the 
plasma at the very high arc currents (4 - 5A) could reflect changes in the emission at the 
cathode due to bombardment with the lighter species. In contrast to the cathode and mid­
chamber, regions, the density of electrons in both the distributions in the anti-cathode 
region increase almost directly in proportion to the arc current over the entire range 
covered. This is shown clearly in Figure 6.29.
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Figure 6.28: Spatial distribution o f electron density as the arc current is varied (reflex mode; W liners)
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Figure 6.29: Anti-cathode electron densities showing the linear dependence on arc current
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In a plasma created in an atomic gas species such as argon in the pressure range of current 
interest, this would be the expected result for all the regions of the plasma. The fact that it 
is only seen in one specific region of the plasma created in BF3 suggests that the cracking 
process itself may not occur uniformly throughout the volume of the plasma or over the 
arc chamber surfaces. This implies that both the density and composition of the plasma 
aie highly non-uniform under the normal operating conditions of the IHC source. As 
already indicated, beam profile measurements taken on beams suggest that the plasma 
density is at its highest at the anti-cathode end of the plasma. In reality, since only B^ ions 
are seen in the profile, this means that the B^ density in the source plasma must be at its 
peak close to the anti-cathode. In equilibrium, there must be current continuity 
tliroughout the entire plasma and hence an increase in cracking in one region i.e. the 
production of a larger number of light ions, must be accompanied by some sort of 
compensation process, to maintain continuity. The fact that ambipolar diffusion is the 
dominant transport process in the plasma means that if the ions themselves in a specific 
region of the plasma become more mobile, the ambipolar diffusion coefficient in this 
region will also increase. Since the flux must remain constant, the density gradient of 
botli electrons and ions must fall. The transition to a region of lower diffusion coefficient 
must then be accompanied by an increase in the density giadient. This could result in a 
region of higher ion and electron densities in the part of the plasma in which the cracking 
is most efficient, with an increasingly rapid fall in density as the effective diffusion 
coefficient adjusts itself to the changing ion composition in the plasma. If this is the case, 
it provides an explanation for the beam non-uniformities and the veiy high electron 
densities in the anti-cathode regions. It also suggests that it is not necessarily the 
optimisation of the election energies for ionisation in the anti-cathode region that is 
responsible for the high plasma density in this region. Hie effects obseiwed could also be 
explained by the optimisation of tlie molecular cracking in the region. This could be the 
result of optimisation of the electron energies if the process occurs in the gas phase, or of 
the creation of surface conditions on the anti-cathode itself that lead to increased 
dissociative desorption of accommodated molecules or dissociative adsorption followed 
by release of the accommodated atoms.
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The dependencies of the spatial variations of electron density and temperature on arc 
voltage are shown in Figure 6.30 and Figure 6.31a and b. As expected, the spatial 
temperature differences show very little dependence on this parameter. The density 
dependencies are slightly more complex in that, as discussed earlier, the density of 
electrons in the low temperature distribution is sensitive to arc voltage in the 40 to 70V 
region. Although, with the exception of this effect, the overall arc voltage dependence is 
comparatively minor, it is often observed that arc voltage can be a critical beam tuning 
parameter. It is conceivable that the small spatial variations observed here are sufficient 
to affect the geometry of the plasma boundary and hence change the characteristics of the 
extraction lens.
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Figure 6.30: Spatial distribution o f electron temperature as the arc voltage is varied (reflex mode; W
liners)
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Figure 6.31: Spatial distribution o f electron density as the arc voltage is varied (reflex mode; W liners)
b) Double probe data
Accurate quantification of single Langmuir probe data in complex molecular species
plasmas in magnetic fields is complex. It is also possible that probe artefacts affect the
qualitative reliability of the measurements. For this reason, double probe characteristics
were also measured in order to at least confirm some of the trends observed in the single
probe spatial variation studies. These data were recorded in the three positions indicated
in figure 5.13, and the spatial distribution data are shown in Figure 6.32 to Figure 6.35.
The dependencies of the temperatures and densities of the hotter electrons on source
magnet current are shown in Figure 6.32a and b. The fact that these data only refer to a
very restricted part of the overall electron energy distribution clearly leads to significant
disagreement with the single probe data. While the electron temperatures in the different
positions do follow similar trends to those seen for the higher temperature electrons in the
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single probe measurements as the source magnet current is increased, the actual 
temperature values are quite different. However, the lack of sensitivity to the source 
magnet current at cunents above 8A is reproduced.
From the point of view of electron densities (Figure 6.32b), the results obtained in the 
cathode and mid-chamber regions are in reasonable qualitative and quantitative 
agreement with the single probe data. However, the density in the anti-cathode region is 
significantly liigher than that observed using the single probe, and the magnet cuiTent 
dependence is also different in detail. It does however show a rise up to approximately 
14A followed by a flattening out or even a slight fall at h i^ e r  cunents, in broad 
agreement with the general trends in behaviour seen in the single probe data.
While the differences between the single and double probe data are not sufficiently great 
to lead to a change in the qualitative description of the effects of the source magnetic 
field, they do demonstrate how difficult it is to obtain reliable quantitative information 
using these techniques. The very high hot electron densities observed in the anti-cathode 
region using the double probes are difficult to explain. In all the single probe data, these 
densities were below 1 0 ^^ m"^  while in all tlie double probe measurements, they are well 
above this value. This discrepancy only exists for measurements carried out in tlie anti­
cathode region, and in view of the earlier discussions relating to the very high density of 
the cooler electrons in this region, it is conceivable that the double probes are collecting a 
significant part of the higher end of this lower temperature distribution. This would 
explain both the high density and low temperature that result from using conventional 
double probe analysis technique. In fact, the raw double probe data do not show the 
classical tanh curve expected for a single Maxwell-Boltzmann distribution and this may 
be the source of the difference.
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Figure 6.32: Spatial distribution o f electron temperature (A) and density (B) as the source magnet
current is varied (reflex mode; W liners)
Apart from the consistently high hot electron densities in the anti-cathode region, the 
double probe data obtained when varying pressure, arc current and arc voltage confirm 
that the spatial variations in electron density and temperature do not change significantly 
over the parameter ranges covered. In general, taking into account that the double probe 
data may all be affected by the high energy tail of the lower temperature distribution, the 
trends in behaviour are also similar in the two sets of data.
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Figure 6.33: Spatial distribution o f electron temperature (A) and density (B) as the flow rate is varied
(reflex mode; W liners)
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Figure 6.35: Spatial distribution o f electron temperature (A) and density (B) as the arc voltage is varied
(reflex mode; W liners)
6.4.2 Comparison of reflex and floating anti-cathode modes of 
operation in a tungsten lined source
All the measurements discussed above were carried out with the source in its standard 
operating condition. However, despite its widespread use in this mode, there is no clear 
understanding in the industry of exactly what the anti-cathode does to the source plasma. 
To investigate this effect on the electron densities and temperatures, the source was 
operated with the anti-cathode connected electrically to the cathode (conventional 
operation), and left floating, such that it would assume the plasma floating potential.
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Single probe measurements were carried out at the cathode and anti-cathode ends of the 
plasma and at the mid-chamber position (as for the spatial distribution measui*ements in 
section 6.4).
In all the measurements, the floating potential was found to be negative with respect to 
the anode (arc chamber body) as shown in Table 6.4.
Table 6.4: Floating potential for different source magnet current settings for BFs
Source magnet 
current (A)
Floating 
potential (V)
5 -39.55
8 -32.55
11 -28.53
14 -24.34
17 -20.60
Under these circumstances, leaving the electrode floating does not entirely remove the 
reflex action, and hence the effect on the change of electrical configuration on the plasma 
properties was not expected to be very significant. The effect on the temperature 
associated with the lower energy election distribution more or less confiims this 
expectation. As can be seen in Figure 6.36, in all the positions, the source magnet 
variation has very little effect and, although the highest temperatures were recorded for 
the reflex mode, the differences observed were not dramatic.
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Figure 6.36: Spatial distribution o f the cold electron temperature, Tel, compared for reflex and floating 
anti-cathode modes, as the source magnet current is varied (W liners)
In contrast, the density of the electrons in the low temperature distribution does depend 
strongly on the electrical configuration used. Figure 6.37 shows that the very high density 
observed close to the anti-cathode in the reflex mode is not observed in the floating 
mode. As already discussed, this high density plasma region appears to be associated in 
some way with the increased cracking of BFg and this observation explains, for the first 
time, why the ion yields are so dependent on the use of the reflex mode.
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Figure 6.37: Spatial distribution o f electron density, Nel, compared for reflex and floating anti-cathode 
modes, as the source magnet current is varied (W liners)
Comparison of the electron temperatures and densities associated with the higher energy 
electron distributions existing in the two electrical configurations, provides fiirther 
confirmation of the fact that one of the roles of the anti-cathode in the reflex mode is to 
improve electron confinement by reducing axial losses. The Te2 data shown in Figure 
6.38 show that the temperature is slightly higher in the floating mode than the reflex 
mode. The difference is not significant since the floating potential is negative, but there is 
a suggestion of reduced electron lifetimes in the floating mode. With regard to the 
densities of the more energetic electrons in the two modes. Figure 6.39 indicates a 
distinct difference in all three positions. The densities are clearly higher in the reflex 
mode for all the source magnet currents. This again indicates that the confinement is 
more effective.
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Figure 6.38: Spatial distribution o f the hot electron temperature, Te2, compared for reflex and floating 
anti-cathode modes, as the source magnet current is varied (W liners)
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Figure 6.39: Spatial distribution o f electron density, Ne2, compared for reflex and floating anti-cathode 
modes, as the source magnet current is varied (W liners)
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This general picture of higher densities, particularly Nel at the anti-cathode, and lower 
temperatures in the reflex mode was also observed when the other source parameters 
were varied. Table 6.5 shows the spatial distribution of electron temperature and density 
compared for reflex and floating anti-cathode modes, as the pressure is varied.
Table 6.5: Spatial distribution o f electron temperature and density compared for reflex and floating
anti-cathode modes, as the pressure is varied
Reflex mode Floating anticathode mode
Anti-cathode
Flow
rate
(scorn) Te1(eV) Te2(eV) Nei (m-") Ne2 (m^)
Flow
rate
(seem) Te1(eV) Te2 (eV) Nei (m ") Ne2 (m ")
0.6 2.907 16.600 7.90E+17 3.92E+16 0.6 5.479 28.011 1.62E+17 1.03E+16
1 2.260 13.908 1.35E+18 4.51 E+16 1 2.579 18.868 3.68E+17 1.22E+16
1.4 2.002 13.321 1.72E+18 4.44E+16 1.4 2.393 18.382 4.39E+17 1.11E+16
1.9 1.712 13.257 1.90E+18 3.92E+16 1.9 1.952 19.157 4.57E+17 9.30E+15
Mid-chamber
0.6 5.731 16.949 2.10E+17 2.43E+16 0.6 5.459 19.231 1.48E+17 1.74E+16
1 3.846 14.925 5.22E+17 3.08E+16 1 3.173 13.333 3.88E+17 2.28E+16
1.4 3.197 14.706 5.73E+17 2.36E+16 1.4 2.873 15.625 3.79E+17 1.63E+16
1.9 2.867 14.493 5.62E+17 1.75E+16 1.9 2.295 16.393 4.56E+17 1.29E+16
cathode
0.6 7.273 15.385 1.41E+17 3.95E+16 0.6 5.525 18.622 9.32E+16 1.43E+16
1 5.501 15.385 3.25E+17 3.22E+16 1 3.186 18.450 2.20E+17 1.26E+16
1.4 3.420 13.889 4.25E+17 3.19E+16 1.4 2.176 16.815 3.16E+17 1.03E+16
1.9 3.312 12.658 4,71 E+17 3.81 E+16 1.9 2.128 16.812 3.51 E+17 1.08E+16
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6.5 The effect of different source operating conditions on 
electron temperature and density as a function of position 
in the arc chamber along the central axis parallel to the 
beam extraction direction
For optimised beams, it is generally considered that the plasma should be uniform over 
the whole area of the extraction slit and that the density close to the slit should be as high 
as possible. It is therefore of interest to investigate the density of the plasma as a function 
of lateral distance from the extraction slit in the horizontal plane at the slit mid point. It 
has been found empirically that the position of the central axis of the cathode and anti­
cathode with respect to the extraction slit is a critical factor in optimising the 
performance of the source. The sour ce in use here had been optimised from this point of 
view.
Double probe measurements were carried out mid-chamber (i.e. between the cathode and 
anti-cathode). The probe-tip was placed 7mm, 11mm and 15mm into the arc chamber 
(i.e. 3rnm, 7mm and 11mm of insulator present in the chamber) - see figure 5.13. Values 
obtained, after standard analysis for electron temperature and density are shown below.
As expected for a plasma in which ambipolar diffusion is the dominant process, the 
currents collected by the probes increased as they were moved towards the central axis of 
the chamber. This is qualitatively consistent with the expected first order Bessel function 
shaped distribution. The detailed spatial density and temperature distributions derived 
from the probe data are shown in Figure 6.40 to Figure 6.43. The distributions were 
measured as functions of source magnet current, pressure (gas flow rate), arc current and 
arc voltage. As before, the source was operated in the standard reflex mode.
The electron temperature dependence on source magnet current (Figure 6.40) is very 
similar to that seen in Figure 6.32 for the mid-chamber and anti-cathode ends of the
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chamber but quite different from the cathode curve with which agreement would be 
expected.
The variation in electron density across the arc chamber is also shown in Figure 6.40. 
These curves demonstrate the expected behaviour. It is known that the plasma is highly 
confined at the higher source magnet currents and this is reflected in the marked increases 
in density in the more central positions as the current increases from 5 to 8A. The density 
closest to the centre is always highest. The low density at the 3mm position implies that 
the hot electrons are confined to regions well away from the chamber walls and the 
extraction slit. It would be interesting to know whether this is also the case for the low 
energy electrons, as this would have profound implications from the point of view of 
beam extraction.
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Figure 6.40: The effect o f source magnet current on electron temperature,Te2 and density, Ne2, as a
function o f probe position in the arc chamber
The pressure dependences of the spatial distribution of electron density and temperature 
shown in Figure 6.41 are also consistent with those expected on the basis of earlier
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observations. The drop in electron temperature as observed in all three positions at the 
higher flow rates reflects the reduced mean free paths and increased energy losses.
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Figure 6.41: The effect offlow rate on electron temperature,Te2 and density, Ne2, as a function o f
probe position in the arc chamber
The dependence of the electron temperature on arc current (Figure 6.42) shows the 
expected behaviour in all three positions. The spatial variations in this quantity are small 
and they do not vary as the arc current is increased.
The electron density variations are also shown in Figure 6.42. They show the close to 
linear dependence on arc current seen in Figure 6.34 but the increasing slope as the probe 
position moves towards the centre of the chamber, suggests that the hot electrons are 
increasingly confined to the central region as the processes associated with the arc current 
increase develop. This is a further demonstration of the complexity of the processes 
occurring in the source plasmas under the standard operating conditions.
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Figure 6.42: The effect o f arc current on electron temperature,Te2 and density y Ne2, as a function o f
probe position in the arc chamber
As in the earlier double probe measurements, the arc voltage dependence of the 
temperature on the hot electrons is consistent with their “primary like” nature. The 
temperature rises rapidly with arc voltage at voltages above about 65V (Figure 6.43). 
Again as expected, the arc voltage has little effect on the density itself or its spatial 
variation.
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Figure 6.43: The effect o f arc voltage on electron temperature, Te2 and density, Ne2, as a function o f
probe position in the arc chamber
6.6 The effect of arc chamber surface on electron temperature 
and density
Practical experience with industrial implanters has shown that the use of tungsten liners 
improves the ion performance of the machine. This effect is usually explained in terms 
of changes in the plasma or gas-surface interactions leading to increased BF3 cracking. 
However, the liners have several different effects on the source. In addition to their basic 
material role, they inevitably change the gas flow pattern since the gas feed is behind the 
base liner (transition flow conditions apply) and, due to different thermal conductivity, 
the temperature of the inner wall i.e. the plasma wall, may be increased.
Measurements were carried out in the reflex action mode, with and without the tungsten 
liners present. Unlike argon, the BF3 plasma was found to be less stable and very noisy
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without the liners. The resultant effect was that for the conditions, the maximum 
obtainable arc cunent decreased dramatically, whilst the bias power increased.
Single and double probe data were taken at the same positions for different source 
magnet settings. The probe tip was positioned 7mm into the arc chamber, mid-chamber 
(i.e. 3mm of insulator present in die chamber).
The double probe data relating to changes in source magnet current, gas feed rate and arc 
current, are shown in Figure 6.44 to Figure 6.46. It is immediately obvious that the liners 
do not have a significant effect on the plasma. This is expected to some extent since 
under the operating conditions used, surface and gas-phase collision frequencies are not 
significantly different (i.e. surface processes are not dominât). There is a clear trend, for 
the higher energy distribution investigated in the double probe measurements, for the 
electron density and temperature to be increased by the presence of the liners.
This is clearly seen in Figure 6.44 where the lined source exliibits higher densities and 
temperatures over the entire source magnet current range. However, in view of the error 
bars, the temperature differences are minor. Since the effect of the magnetic field is to 
confine the electrons, and it does not affect the ions or neutrals, no effect on the role of 
the surface would be expected unless electron impact desorption was occurring. The 
figure confirms that this is not a significant process. However, it is difficult to understand 
why the use of liners should have such an effect on the density of the higher energy 
electrons. Although the absolute values are different, the single probe data shown in 
Figure 6,48 confirms that the presence of liners does lead to a significant increase in the 
density of the hotter electrons, and hence the observation does not appear to be a 
measurement artefact.
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Figure 6.44: Effect o f arc chamber surface on electron temperature, Te2, and density, Ne2,for different
source magnet current settings
When the pressure is varied by changing the gas flow rate, the electron temperatures and 
densities follow the expected trend. In Figure 6.45, it can seen that at low flow rates, the 
liners have a clear effect but as the pressure increases, gas phase processes begin to 
dominate, and the chamber surfaces become irrelevant. This is entirely consistent with 
the reduction in mean free paths as the pressure rises.
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Figure 6.45: Effect o f arc chamber surface on electron temperature, Te2, and density, Ne2, for different
pressure settings
The arc current dependence of the temperature and density with and without liners is 
shown in Figure 6.46. While the temperatures with and without liners behave in an 
identical way, the electron density with liners increases more linearly with arc current 
than it does in the non-lined source. Since the arc current increase is considered to be 
associated with a change in ion species, this sensitivity to the surface is not unexpected.
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Figure 6.46: Effect o f arc chamber surface on electron temperature, Te2, and density, Ne2, for different
arc current settings
Single probe data in the lined and un-lined sources confirm, at least qualitatively, some of 
the features observed in the double probe measurements. Figure 6.47 shows that the 
electron temperature associated with the lower energy electrons is higher in the lined 
source, but the difference is less than 2eV. The Te2 values with and without liners are 
indistinguishable and it can be concluded that this temperature is not affected by the 
liners.
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Figure 6.47: Effect o f  arc chamber surface on electron temperature for different source magnet current
settings
The electron density data in Figure 6.48 are interesting in that in addition to confirming 
that the higher energy electron density is increased by the presence of the liners, they 
show, to within experimental accuracy, that the densities of the majority, lower energy 
electrons are unaffected by the nature of the surfaces. Consequently, it would appear that 
the role of the liners in improving the yield is in some way associated with the higher 
energy electrons.
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Figure 6.48: Effect o f arc chamber surface on electron density for different source magnet current
settings
6.7 Discussion
The consistency and reliability of the probes were such that the derived plasma 
parameters were near identical (<5% difference) when obtained from data collected from 
repeated experiments run at different times.
As mentioned earlier, the double probe system is inherently referenced to the floating 
potential. As it is always limited to draw a maximum of the ion saturation current, 
sufficient electron current must be drawn to balance the ion current to the other side [1]. 
Therefore they cannot sample the entire electron distribution but are limited to collecting 
electrons from the high-energy tail of the distribution. In principle the temperature 
derived from double probe measurements should be the same as the temperature 
associated with the high-energy distribution seen in the single probe data. However, 
consistent and significant differences were observed as can be seen in Table 6 .6 .
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Table 6.6 : Comparison o f single and double probe data for BF3
Arc current (A) Electron temperature (eV) Electron density (m*^ )
Single probe Double probe Single probe Double probe
1 18.87 9.07 1.70E+16 1.67E+16
2 16.13 9.74 2.85E+16 2.41 E+16
3 14.93 9.99 2.34E+16 3.08E+16
4 18.52 10.15 2.27E+16 3.49E+16
5 15.87 13.64 4.84E+16 4.71 E+16
Source magnet 
current (A) Electron temperature (eV) Electron density (m'^ )
Single probe Double probe Single probe Double probe
5 15.38 14.41 2.48E+16 3.40E+16
8 14.93 9.87 2.52E+16 3.14E+16
11 13.89 9.63 2.53E+16 3.27E+16
14 12.66 9.53 2.51 E+16 3.49E+16
17 12.20 9.52 2.62E+16 3.89E+16
Temperature and density values obtained with the double probe tend to be more reliable 
than those obtained with the single probe as observed by Pilling et al [1] and Chino [2]. 
They noted from error analysis of the experimental data that a small variation in the ion 
current gives rise to a large variation in the appaient temperature obtained in the semi-log 
plot method for a dual distribution.
The single probe did serve, however, to confirm the existence of two election energy 
distributions. It also provided accurate data relating to the lower electron temperature 
distribution. For the higher temperature electron distribution, an inaccuracy arises since 
the electron current becomes sensitive to the ion satuiation current as the high-energy tail 
of the distribution becomes depleted.
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The ion flux and Debye length are governed by the low energy part of the electron energy 
distribution function (EEDF), while the floating voltage and electron temperature (found 
fi*om the ion part of the characteristic), are controlled by the high energy part of the 
EEDF.
Experimentally the simplest point on the characteristic to locate is the floating potential 
whereas the plasma potential is much more difficult to locate accurately. The standard 
method that has been used throughout the study is location of the plasma potential fl-om 
the knee of the semi-log plot as shown in Figure 6.49.
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Figure 6.49: Graph o f Ln I  versus Voltage
In order to validate the figures obtained, another method was used to obtain the plasma 
potential and a percentage error obtained (see Table 6.7). A plot of le^  versus voltage 
produced a straight line, as expected. This was extrapolated to intercept the voltage axis
kTat V = Vi, and the plasma potential determined from y +  ■
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Table 6 .7: Validation o f plasma potential
Pressure
Semi-log
method
Intercept
method Average
Standard
deviation
% error of 
mean
0.6 8.61 8.71 8.66 0.07 0.82
1 7.54 7.32 7.43 0.16 2.10
1.4 7.44 7.22 7.33 0.16 2.18
1.9 6.78 6.58 6.68 0.14 2.08
The plasma potential is effectively dictated by the election temperature and the good 
agreement seen in Table 6.7 confiims that the analysis techniques were reliable.
The presence of the magnetic field dramatically affects the election saturation part of the 
single probe chai*acteiistic, which means the current continues to increase with voltage 
and no distinct saturation is observed. Tliis could be due to the fact that the available 
electron current (which normally diffuses to a sphere of radius « AJ is decreased by the
magnetic field. The ion Larmor radius, rL, is much larger than the electron and the ion 
saturation cuirent and is not much affected until the strength of the field is large. Certain 
problems arise for a plasma in a magnetic field. Particles move at different rates along 
and across the field. This is more pronounced for electrons than ions. The electron 
mobility transverse to the magnetic field would be impaired compared to those along the 
field lines. In other words, there is a severe reduction in the transverse diffusion 
coefficient of electrons in the presence of magnetic field. Backus [3] suggested that 
fluctuating electric fields in the plasma might cause electrons to drift fairly rapidly 
normal to both electric and magnetic fields, as a result of the cycloidal motion of charged 
particles in such crossed fields. It is observed that tlie electron temperature decreases as 
the source magnet current is increased, because the elections are confined for longer in 
the plasma and hence lose energy due to the liigh probability of being involved in 
collisions. On the other hand, the electron density increases because more collisions take 
place. The transition between Maxwellian and non-Maxwellian eedfs tends to be 
attributed to the thermalization of the electron population in higher density plasmas.
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As mentioned earlier, the electron retarding field region increases as the pressure 
increases. This is because the retarding field region is proportional to 1/Te, and as the 
pressure increases, the electron temperature decreases. When the pressure increases, the 
distance between collisions (mean firee path) decreases, therefore less energy is gained 
between collisions and the electron temperatur e decreases. The increase in the number of 
collisions means the probability of ionisation increases and hence the density increases.
As expected, the electron density increases as the arc current is increased but the rate of 
increase is not as expected. This lack of sensitivity of the electr on density to arc current is 
considered to be partly due to changes in the ion species in the plasma and to an increase 
in electron temperature. The latter may be the result of the way in which the arc current 
was increased. The plasmas under study were emission limited and the arc current was 
increased by changing the cathode emission. This results in an increase in the flux of high 
energy electrons entering the plasma and, potentially, changes in the ultimate electron 
energy distributions. Since the cathode does not emit uniformly over its surface, there 
could also be changes in the nature of any non-uniformities in the plasma density and 
hence a failure of the h i ^ y  localised probe measurements to reflect the full extent of the 
change in aic cuirent. The probe measurements at different arc currents probably reflect, 
more than any of the other measurements, the complexity of the type of plasma under 
study. The inherent coupling between emission, pressure, arc voltage and magnetic field 
combined with clear and inconsistent spatial non-uniformities, makes it very difficult to 
obtain fimdamentally definitive data from the probe measurements. In the present study, 
changes in ion species and electron temperatures in different regions of the plasma even 
precluded the observation of what would be expected to be a simple relationship between 
plasma density and arc current.
The trends of density and electron temperature are relatively constant, as expected for 
different aic voltages. The reason being that most of the voltage is dropped across the 
cathode sheath which accelerates the electrons, therefore any variation in arc voltage 
should not have a large effect on the main body of the plasma. The slight increase in 
electron temperature observed could be due either to the increase in the energy of the 
primary electrons affecting the ultimate energy distributions or to the increase in 
secondary electron emission fiom the cathode surface due to the h i^ e r  energies of the
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bombai*ding ions. Secondary electrons liberated dming ionisation come off with 
appreciable energies, which increase with cathode voltage drop.
Table 6 .8  below compares the effect of source magnet current on electron temperature 
and density for different source electrical and mechanical configuiations. The role of the 
magnetic field is complex in that its ability to increase the effective electron path lengths 
not only changes the gas phase ionisation behaviour, but also changes the relationship 
between surface and gas phase collision fi*equencies.
The lowest observed electron temperature and density are when there aie no tungsten 
liners present. With the liners present, tlie values are marginally higher for the floating 
anti-cathode mode tlian the reflex mode. The difference in electron temperature could be 
explained by the fact the electrons undergo more collisions as a consequence of travelling 
back and forth between the cathode and anti-cathode, in the reflex mode, thereby losing 
more energy. The higher electron density in the floating anticathode mode shows that the 
higher energy electrons tend to make more ionising collisions.
Table 6.8: Electron temperature and density compared for reflex geometry with and without tungsten 
(W) liners, and floating anticathode with timgsten liners.
Electron temperature (eV) Electron density (m‘^ )
Source
magnet Reflex with Reflex no
Floating anti­
cathode Reflex with Reflex no
Floating anti­
cathode
current (A) W liners liners W liners W liners liners W liners
5 14.41 10.09 14.18 2.48E+16 1.55E+16 3.06E+16
8 9.87 9.58 10.37 2.52E+16 1.47E+16 2.93E+16
11 9.63 9.12 10.36 2.53E+16 1.49E+16 3.01 E+16
14 9.63 8.53 10.03 2.51 E+16 1.57E+16 2.87E+16
17 9.52 7.56 9.59 2.62E+16 1.75E+16 3.01 E+16
At first sight, the fact that the change in the electrical configuiation (reflex-floating anti­
cathode) has only a minor effect over the entire magnetic field range is surprising. 
Commercial sources always use the reflex action despite the increase in hash associated
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with it. However, with the exception of beams, the floating anti-cathode, and even the 
anti-cathode at anode potential mode, does produce adequate beams. As already 
discussed, the enhanced B^ beam performance of the reflex source may be associated 
with the unexpected enhanced cracking of BF3 close to the anti-cathode. The effects of 
liners on the BF3 plasma density are almost certainly associated with surface cracking 
processes since their presence actually reduces the electron temperature. However, it is 
possible that lower energy electrons actually crack the parent molecule more effectively.
Section 6.2 has shown that the dependence of electron temperature and density on the 
different source operating parameters is different. As is seen, these trends are consistent 
even for tlie different source electrical configuration and different surface material tests.
As expected, the trends obtained for the higher energy electrons in both tlie single and 
double probe, are qualitatively compaiable.
It is clear from the observations that source magnet currents in the range below 5A have 
the most significant effect on the electron density and temperature in the source plasma. 
From an operational ion implanter point of view, the measurements of plasma density and 
electron temperature in Ar and BF3 plasmas offers no simple explanation for why the 
source magnet current, over its full range, is usually found to be a very critical beam 
tuning pai*ameter. In the case of B^ beams extracted fiom BF3 plasmas, very high source 
magnet currents generally produce tlie highest current beams, with a beam cunent 
dependence on source magnet cunent that does not mirror the comparatively minor 
increase seen in electron density over the same magnet current range. This implies that 
some other aspect of the source plasma is critical. It was found that the most probable 
reason for the critical dependence of beam cunent on source magnetic field is the role of 
the detailed shape of the plasma boundary. Very small changes in the shape of what is 
generally recognised as the most critical element in the extinction lens, can have a major 
effect on the beam. In addition to changing the plasma density and electron temperature, 
the source magnetic field also affects the density distribution and plasma potential. It 
must be remembered that the large pole gap on the source magnet inevitably leads to 
fringe fields that extend thi*oughout the space occupied by the extraction lens. Hence, the 
behaviour of electrons in the beam will be affected right up to the entry into the analysing 
magnet.
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The spatial distiibution across the arc chamber is vital from the point of view of 
extracting uniform beams as shown in section 6.4. This was investigated and observed to 
be dependent on souice operating parameters. A common trend that exists for all the 
parameters varied, is that the election density is observed to be greatest at the 
anticathode, and that the electron density at the cathode and mid-chamber are 
comparable. Vertical beam profiles on commercial machines consistently show beam 
non-uniformities that suggest that the source plasma is more dense at the anti-cathode end 
of the source. The results in Figui'e 6.24a for the more numerous, low temperature 
elections, clearly confiims that this is the case. Essentially, for the cooler distribution, the 
electron temperature and densities at the cathode end and mid-chamber positions aie not 
too dissimilar. Since the electron loss rates thioughout the chamber would be expected to 
be similar, this implies that the electron production rate for low energy electrons is at its 
higliest at the anti-cathode end. Although the electron temperatures associated with the 
two distributions do not show any significant dependence on arc current, the obsei*ved 
dependence of electron density on arc current in the anti-cathode position can only be 
explained on the basis of a change in the ion species being responsible for the arc current 
increase i.e. an increased fraction of lighter and hence faster ions in the plasma. The 
comparative insensitivity of plasma density to arc current changes, is observed in both the 
cathode and mid-chamber regions of the plasma over most of the arc current range 
covered. The spatial temperature differences show very little dependence on arc voltage. 
However, the small spatial variances observed might affect the geometry of the plasma 
boundary and hence change the characteristics of the extraction lens.
As mentioned previously, the data observed in this section is very interesting from the 
point of view of the extraction of high quality/uniform beams at the extraction slit. The 
aim is to be able to extract a uniform beam from the source. The data collected implies 
the plasma is not uniform along the slit, and that the degree of non-uniformities is 
dependent on the source operating conditions.
As expected for a plasma in which ambipolai' diffusion is the dominant process, the 
currents collected by the probes increased as they were moved towards the central axis of 
the chamber as shown in section 6.5. The trends observed for all the source parameters
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are consistent at all the positions and with those described in the earlier sections. The 
close to linear dependence on arc cuirent seen in Figuie 6.34 is obseiwed, but the 
increasing slope as the probe position moves towards the centre of the chamber, suggests 
that the hot electrons are increasingly confined to the central region as the processes 
associated with the aic current increase develop.
The effect of arc chamber surface on electron temperature and density show that tungsten 
liners lead to a significant increase in the density of the hotter electrons. When the 
pressure is varied by changing the gas flow rate, the electron temperatures and densities 
follow the expected trend. In can be seen tliat at low flow rates, the liners have a clear 
effect but as the pressure increases, gas phase processes begin to dominate, and the 
chamber surfaces become irrelevant. While the temperatuies with and without liners 
behave in an identical way, the electron density with liners increases more linearly with 
arc current than it does in the non-lined source.
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Chapter 7
7 Conclusions and Future work
A combination o f single and symmetrical floating double Langmuir probe measurements 
have been used to gain an insight into the processes occuiTing in the source plasma o f an 
ion implantation system. Detailed measurements o f the dependence o f the plasma 
characteristics on source parameters have shown that the combination o f h i^  source 
magnetic field and high arc cuiTcnt produces a particularly intense plasma at the anti­
cathode end o f the arc chamber. It appeal's that it is die process occurring in this region 
that lead to the ability to extract high intensity B'*' beams and that the beam non- 
uniformity observed is an unavoidable consequence o f the optimization o f the BF3 
cracking process in a specific region o f the discharge.
The measurements have shown:
1. These plasmas contain electron energy distribution functions that are not in 
thermal equilibrium. For the dischaige conditions used, two Maxwellian 
distiibutions can be maintained meaning tliat there are two distinct election 
temperatures.
2. The dependences of electron temperature on different operating conditions aie 
different. It was found that the most probable reason for the critical dependence of 
beam current on souice magnetic field is the role of the detailed shape of the 
plasma boundary.
3. An increase in density as aic current is increased. The observed increase is 
assumed to be associated with a change in tlie dominant ion species from BFi^ to 
B .^ It was also found that electrons in the higher energy distribution have a more 
direct link with the initial acceleration voltage than those associated with the low 
electron temperature.
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4. High densities near the anti-cathode. The electron production rate for low energy 
electi ons is found to be at its liighest at the anti-cathode end of the discharge.
5. The electron temperature and density are not unifoitn across the arc chamber but 
are lower at the walls. This may affect the beam profile of the different species in 
the BFs plasma based beam.
6 . Non-uniformities exist down the main axis paiallel to the extraction slit. This 
observation of spatial non-uniformities mainly in the electron density in the arc is 
significant from the point of view of the extraction of high quality beams and 
implies that both the density and composition of the plasma are highly non- 
uniform under the normal operating conditions of the IHC source.
7. The election temperature in Ar appears to be lower than in BF3. Tliis is interesting 
from the point of view of the different energy loss processes.
8 . Source electrical configuration has an effect on the electron temperature. The 
electron temperature and density are both found to be higher in the floating anti­
cathode mode
9. The arc chamber (surface) material plays a significant role in determining the 
election energies present. Election temperatures appear to be h i^ e r  when 
tungsten liners are used.
10. Electron lifetime appeal's to be the main contributor for increased cracking of BF3 
to produce B+ (i.e. low electron temperature- reflex mode with tungsten liners).
The low density observed near the arc chamber wall implies that the hot electrons are 
confined to regions well away from the chamber walls and the extraction slit. It would be 
interesting to know whether this is also the case for the low energy electrons, as this 
would have profound implications from the point of view of beam extraction.
It is clear that there is no simple relationship between electron temperatuie and density in 
the source, and the beam quality and quantity. Non-unifoimity and the shape of the 
plasma boundary are clearly key factors in the stability of the plasma and the extraction of 
high quality beams.
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The measurements described in this thesis represent the first detailed study of the plasmas 
created in IHC sources. They have provided a unique insight into some of the complex 
processes occurring m BF3 and Ar plasmas. The nature of the plasmas, their inherent non- 
uniformities and their complex dependence on source operating conditions, have resulted 
in a largely qualitative interpretation of the data. However, the values of electron density 
and temperature obtained are consistent with many previous assumptions.
One of the difficulties with inteipretation of the data was the lack of knowledge of the ion 
species present. To be able to sample the ions through apertures at different points along 
the extraction plate would confirm or disprove the hypothesis that most of the BF3 
cracking occurs in the high density plasma region close to the anti-cathode.
The work has shown that more extensive probe studies, employing more probes and 
different probe geometries, combined with energy analyses of the electrons and ions 
leaving the plasma (and mass analysis of the ions), could provide a means of developing 
improved source plasmas for ion implanter applications.
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Appendix A
A Beam based ion source considerations
A.1 Introduction
Although tlie throughput requirements of the device industry dictate that sources used in 
conductive implant applications must be designed to produce maximum flux of ions of 
the desired species, the ability to ti'ansport the ions to the wafer in the form of a stable 
beam of acceptable physical size and energy and mass purity is also an important 
consideration. Consequently it is important to be awai*e of the ways in which changes in 
the source plasma can affect the properties of the beam. The source used in the present 
study is described in detail in Chapter 5. It utilises an electron reflector and a confining 
magnetic field both of which improve ionisation and affect electron temperature, but also 
have profound implications for the beam. In the present chapter, the factors that can 
ultimately limit the useful ion flux at the wafer are discussed. These factors are the 
emittance or quality of the extracted beam, the ion optics of the extraction lens, mass 
analyser, and where used, deceleration lens, and space charge neutialisation.
A.2 Emittance
The ion source determines the minimum emittance, s  of the beam and hence the 
feasibility of obtaining a specified beam current, physical size and angular spread of the 
beam at the target [1].
Emittance is defined as a measure of the divergence of a beam in the transverse plane 
which is selected for use [2]. It measures the amount of disorder in the beam. Emittance 
can be thought of as relating to the transverse (perpendicular to the trajectory) or 
longitudinal (along the beam tiajectory) density of the beam. If the beam is densely
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packed in the relevant phase space, then the emittance is said to be low, whereas, a beam 
that is spread out has high emittance.
\TiS  OC —
'  K-
(A.1)
where V; is the voltage equivalent of kinetic energy and T, is the ion temperature.
Figure A.1: Phase Space [3]
Figure A.1 shows emittance in the x phase plane. The emittance of a beam is constant (i.e. 
the phase space area is conserved) as long as any action to the beam is done slowly 
enough that you do not change the energy of the system. To infer emittance, the particle 
displacement in both position and angle, must be measured. The divergence 6^ of an ion
at X is directly proportional to the transverse momentum. At any time, the state of any ion 
in the beam can be defined fully by thiee coordinates, x, y and z, and three momentum 
coordinates Px, Py and Pz.
An emittance diagram of a beam gives information about its size, and the trajectories in 
the beam, as a fimction of beam radius. The measurement of emittance, which is a phase 
diagram of the beam at the point of measurement, also provides data on the magnitude 
and distribution of cunent density. The smaller the phase area occupied by the beam, the 
better the quality of the beam.
Figure A.2 shows the trajectories of particles and the phase space diagram associated with 
them [2]. If the restoring force on any paiticle is proportional to the instantaneous 
displacement x fiom the z axis, then the motion of that particle is represented by simple
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haimonic motion about the z axis. Differentiating the solution of the equation associated 
with this motion produces the equation of a right hand ellipse in (x*, x) space. As the beam 
moves down the z axis, the points move around the ellipse. Particles 1 and 2 have the 
same amplitude but different phases, whereas particle 4 has the maximum amplitude 
allowed by the geometry but the same wavelength.
7  =  0
► Z
► X
Figure A.2: a- trajectories o f particles and b- phase space diagram a tZ  = 0
The rms emittance, can be related to the effective ion temperature Ti in the source by 
[1],
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. 56,„ = 0.5fl
where a is the source slit width, mi the ion mass, Vi the voltage equivalent of kinetic 
energy.
There is a rule of thumb that specifies the approximate rms emittance required if a beam 
of specified dimensions at the target is to be h ansported through a beamline of specified 
length from a source of specified dimensions [1]
= 1 0 0 0 / ; r ,~z
where rg, n, and z are tlie souice half width, the target beam half width and the beamline 
length (mm).
In general, the source emittance should be as low as possible. Typical ion temperatures 
for the type of plasma used in implanter ion sources are below about 0.3eV, and the 
emittance cannot be reduced below the value set by it. On the basis of beam emittance 
measurements, Povall et al [1] found effective ion temperatures well in excess of the 
above value. This work highli^ted the difficulty of producing h i^ i throughput machines 
capable of operating at energies below IkeV, where because of the low values of eV{, the 
emittance rises sharply (equation ( A.2) anyway. The unphysical apparent ion 
temperatures are believed to be associated with instabilities in the shape of the plasma 
boundary.
The detailed study carried out by Povall et al [1] showed that both electron reflection and 
magnetic confinement are required to cause an increase in emittance. These features 
however, play an important role in enabling the source to produce high currents of ion 
species such as boron, which require efficient molecular cracking in high cuiTcnt 
applications.
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The normalised emittance £■„ is used to calculate the bri^tness of the beam, as shown in 
equation ( A.4) [2], The normalised emittance is invariant with energy for non-relativistic 
beams such as those used in ion implantation. It is extremely useful since it is directly a 
measure of the relative compatibility of beams of different mass and energy to a given 
transport system which has a given “acceptance”. Acceptance here is the complement of 
emittance and is the phase space area allowed for the particular system. For 100% 
transmission of a beam, its emittance must be entirely within the acceptance of the 
system.
j - p  +0.5
-  — -—  mm-rad(MeV)®'^ (A.4)n
where A is the spatial area of the beam (i.e. elliptical area m a , and Eb the energy of the 
beam (MeV).
Brightness is essentially beam intensity per unit spatial area per unit solid angle, but the 
various definitions of emittance affect the definitions of brightness used.
B = (intensity per unit area of phase space); where A = , and I is the intensityA b / 2
of the source (/z^).
2 /B =  ^ 2 Jgfc ipAmnf^mrad''^ )n s
High brightness occurs with beams with high current densities and low divergence [4]. 
Typical values of brightness for ion beams are on the order of lO^A/cm^rad .^
A 3 The extraction system
The behaviour of the plasma boundary from which the ions are extracted is important in 
determining the optical quality and the geometric parameters of the beam. It is therefore 
important to understand the behaviour of the plasma surface in the extr action region. The 
important factors governing the ion extraction from the plasma are:
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• The shape of the plasma boundary
• The ion cmrent available from the plasma surface
•  Space-charge limitation to the cuiTent that can be extracted
Extraction optics plays an important role in designing a beamline, as it affects the overall 
acceptance envelope of the system. For systems in which the extraction energy is high 
(>10keV), the beam divergence is usually dominated by the optical properties of the 
extraction system, rather than the thermal motion of the ions which causes momentum 
spread and finite emittance [5].
The extraction process consists of applying a high voltage between an ion reseivoir and a 
perforated acceleration electrode. Extraction of ions from a hot cathode discharge 
depends on the plasma density, which is determined by tlie souice feed rate, arc current, 
arc voltage and the source magnetic field. Increasing feed rate can degrade the extraction 
stability [6 ].
Coupland et al [7] have shown that the maximum voltage Vb that can be applied across a 
gap d in vacuum is given by
V b ~ 6  X10"* (cm) [V]
They also found that the most critical parameter was the ratio of the radius of the
extraction aperture ri, to the distance to the first extraction gap d i.e. . The highest
densities were obtained at S<0.5. The experiment was carried out with a thiee-element 
circular aperture electrode system, in which it was discovered that the radius of the other 
apertures, the second gap separation and the electrode thickness were not critical. It 
should be noted, however, that implanter ion sources operate in poor vacuum (low gas 
efficiency) in the presence of chemically active species and the Coupland criteria only 
gives a very rough guide to the behaviour.
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Any extraction system must yield an intense beam, with minimum divergence and as free 
of aberrations as is possible (i.e. low divergence for the highest beam current, at the 
lowest required voltage). This usually means using high voltage, and carefully shaped 
extraction electrodes. The trajectories of the accelerated ions which determine the 
maximum beam quality, are mainly influenced by the applied field strength, the shape of 
emitting surface, and the space charge density of the resultant beam.
Coupland et a\ [7] proposed an idealised model that suggests the total beam divergence is 
the sum of two effects. First the ions are emitted from a curved plasma boundary, and as a 
result of the shape of the near plasma equipotentials, they converge toward the curved 
extraction electrode. Secondly, the ions diverge as they pass through the aperture in the 
extraction electrode, due to the effects of field penetration that reverses the curvature of 
the equipotentials. This aperture constitutes an electrostatic lens. Positive ions are drawn 
from the plasma as shown in Figure A.3.
Figure A. 3: Positive ion extraction [2]
Unfortunately, if the beam strikes any surface, electrons will be liberated and will 
automatically be accelerated back to the arc chamber where they can cause heating 
damage and result in unwanted radiation (x-rays) if the voltage is high enough. A third 
electrode is therefore always placed between the ground electrode and the arc chamber.
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biased negatively with respect to ground to prevent electrons from reaching the arc 
chamber. This electi ode inevitably has the additional effect of helping to keep electrons in 
the beam thereby assisting in the establishment of a space charge neutralised beam.
After ions are extracted and form a beam, they stream toward the extraction electrode 
th rou^  a region of no space charge neutralisation. This is due to the fact electrons are 
expelled from the extraction region due to the suppression field for negative species 
thereby building up a positive potential in the middle of the beam [8 ]. The traditional 
layout of the ion source and extraction forms a triode system as mentioned above. The 
source front plate acts as the first electrode, with a suppression electrode and a ground 
electrode. The latter two electrodes are the main components of the extraction assembly. 
An additional electrode allows for separate optimisation of beam extraction and beam 
acceleration (or deceleration) with respect to the final energy. The beam shape and 
transmission is optimised independent of the final energy. A multi-electrode system (e.g. 
tetrode array) is useful for effectively controlling beam divergence over a significant 
distance.
A.3.1 Shape of the plasma boundary
It is impossible to achieve an absolutely parallel beam (i.e. the ideal), because this implies 
that the plasma surface at the apertuie should be parallel to the extraction electrode. It is 
better in general to aim for an initial convergent beam (to counter the subsequent 
divergence in the vicinity of the extraction electrode) i.e. one fr om a concave surface. If 
the plasma surface is convex, the initial beam would be divergent. For high currents, this 
is sometimes useful as it eliminates the intense space charge resulting from the focusing 
action of a concave boundary. This technique has been successfully used in high 
throughput isotope separators. Divergence is also caused by the Coulombic repulsion of 
ions in the electrode gap, and this space charge effect is important for high density 
plasmas. The meniscus curvature can be used to control the beam divergence.
The effect of extraction voltage variation (with extraction gap and plasma density held 
constant) on the extraction surface shape is schematically illustrated in Figure A.4, in
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which the anode (1-arc chamber) and extractor (2) electrodes are at the same potential. 
The plasma diffuses into the space as shown, forming a sheath at all surfaces.
V ,-0 Vj»0 V ,-0  V^--V V,*0
1 2to
Figure A.4: Variations o f Plasma Boundary with Extraction Electrode voltage [3J
As the voltage on the extractor is increased negatively (b and c), the plasma is pushed 
away from the extractor, and retreats eventually forming a concave plasma surface 
(meniscus). This gives a virtual focus in the extraction region. Likewise, for a fixed 
extraction voltage, the variation in plasma ion density causes a change in the emissive 
equipotential boundary from concave to convex, as the ion density increases. The effect 
of plasma density variation (with extraction voltage and gap held constant) on plasma 
boundary is illustrated in Figure A.5.
(Mnsity
1 200
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Figure A. 5: Variation o f Plasma Boundary with Plasma Density [3]
The convex geometry can be stable, and gives a virtual focus situated somewhere behind 
the plasma surface. The size of the virtual object is a major factor determining the quality 
of the resulting ion beam. Further increases in the extraction field, will give a flat 
meniscus, and eventually a concave meniscus.
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Chavet and Rautenbach separately carried out studies, for isotope separation application, 
on divergence and modes of operation respectively. They both concluded that a divergent 
beam gives better resolution than a convergent beam, all other conditions being similar. 
Chavet [9] also reported that simple control of divergence can be achieved by adjustment 
of the inter-electrode distance, and that it is also best to use maximum positive divergence 
from the point of view of beam resolution, beam current and overall efficiency. Chavet 
and Bemas [10] also concluded that better resolution can be obtained with a given 
electrode distance, and that a more intense ion beam can be extracted from a convex 
meniscus. This is the result of the elimination of the strong focusing. The smaller virtual 
object in the convex case gives better mass resolution, since the size of the selected beam 
at the MRS (Mass Resolution Slit), is directly related, among other things, to the object 
size.
The ions leave tlie plasma perpendicular to the boundary i.e. they follow the field lines, 
due to their low energy at this stage. The field lines are peipendicular to the equipotential 
boundary. Therefore, if the boundary is unstable i.e. goes fr om convex to concave, as the 
density vaiies, the perpendicular component of velocity will change along the boundary 
giving a bigger range of apparent ion temperature (Ti). This could account for values up 
to 20-25eV observed during extraction, hi the present study (without extraction), a typical 
value of Ti obtained is between .00653eV and .0170eV depending on the conditions. 
These effects highlight the importance of the plasma boundary as the critical element in 
the extraction system.
A.3.2 Ion current
The amount of ion current available from the plasma suiTace is approximately the product 
of positive charge density and their mean velocity component normal to the plasma 
surface and is given by the Bohm criterion:
; = nev = uA  —-
' I M
,  (A.7)
(A/m^)
J
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Where n is the positive ion density, Te (in K) is the electron temperature and M (in Kg) 
the average mass of the positive ions. Table A.1 shows the ion current available for 
extraction from an argon discharge at two different source magnet settings.
Table A.1: Ion current available for extraction from an argon discharge (Arc I  -  3A, Arc V =  70V)
Source magnet current/A 0 17
Electron temperature, Tei 
(eV)
9.42 1.52
Ion density, m (m"^ ) 3.1x10^^ 4.83x10^^
Ion current available, j 
(A/m^)
22.75 (2.275mA/cm^) 146.7 (14.67mA/cm^)
Since the standard extraction aperture is 50mm by 3.5mm i.e. 175mm^, from Table A.1 
the maximum current with no source field, would be 3.98mA. This is very low and shows 
why the source magnetic field is so important. With a source magnet current of 17A, an 
available current of 25.7mA is obtained from a standard source slit.
The current density in the beam as it leaves the ai*c chamber, is related to the plasma 
density and mean ion velocity. It can be varied, by adjusting the amount of feed material, 
arc current (emitted current from filament), or magnetic field. However, for a given 
current density the beam formation depends strongly on the extraction voltage (the 
electric field between the anode and cathode).
A greater degree of control over beam divergence is usually needed as extraction voltage, 
ion species, and current are varied. An effective technique is to vary the gap between the 
arc chamber, and the suppression and ground electrodes as the conditions change. The 
optimum relationship often appears to approximate to the Child-Langmuir' s Law, which 
is given in equation (A.8). The maximum current density that can possibly be expected 
for any charged particle species accelerated by an electric field is obtained under space- 
charge limited conditions (i.e. when the plasma generator is producing more ions than is 
being removed in any given time) and follows equation (A.8).
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where J is the current density, e is tlie ionic charge, V is the extr action potential, M is the 
ionic mass, and d is the distance between the acceleration electrode and the plasma 
boundary, which is fixed (approximately). Clearly for a given V, d can be adjusted to 
achieve the space charge limited condition. Even with this flexibility, the above Child’s 
law equation, is not quantitatively accurate for beam extraction fi*om a plasma due to 
geometrical and ion optical factors. The divergence is a function of the electrode distance 
(d), since the extraction field affects the shape and position of the plasma boundary, and 
hence a gradual variation of the beam divergence will occur .
Many early papers on this subject [11] concluded tliat the plasma boundary is convex for 
the brightest beams, without taking the distance between the acceleration electrode and 
the plasma boundary into consideration. The brightness of a beam is used to evaluate the 
ion optical characteristics of the source. Other techniques are based on multiple electrode 
extraction systems in which the extraction voltage can be varied independently of the 
final beam energy.
The ratio of the extraction voltage to the extraction gap determines the electric field 
strength in the extraction gap. Increasing the extraction voltage or decreasing the gap both 
independently increase the electric field strength. The field strength fiindamentally 
detenmines the extracted beam current. The electric field also fundamentally determines 
the optical quality of the extracted ion beam, by controlling the shape of the plasma 
extraction surface.
A.4 Space charge effects (neutralisation)
As seen in the previous section, space chai'ge density can increase the Coulomb repulsion 
effects. Also, the positive ion space charge screens (or shields) the negatively charged 
extraction electrode firom the plasma boundary. Space charge distorts the picture of 
equipotentials and field lines shown in Figure A.3.
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In order to provide a quantitative measure of space charge, a term called Perveance, P was 
defined by Langmuir for a beam of electrons following a rectilinear trajectory between 
the electrodes of an ideal diode. The perveance of an election beam, is the ratio of the
Ibeam current I, to the extraction voltage Vg given by P  = 3
V}
The equivalent ion Peiweance P{, allows for the lower velocities of ions for any given 
extraction voltage.
V}
m, (A.9)
where is the ion to electron mass ratio.
Pierce in 1940 attempted to design a system to counter the divergence effect of space 
charge, for electron emission from a fixed solid surface. The anode and extraction 
electrodes were shaped to provide an electric field component which counteracts the 
outward diverging effect of the space chaige. However, too many conditions have to be 
satisfied for p  (angle of outlet electrode =67.5^) to be a good approximation. Also, there 
would still be residual divergence of ions due to their finite temperature (i.e. random 
kinetic energy).
It is possible to obtain a low divergence beam with a single apei1ui*e extractor system, by 
selecting the correct perveance (perveance matching) [7]. In a multiaperture system, the 
perveance per aperture may vary across the source radius due to variation in plasma 
density.
The factors that determine the residual divergence and perveance are [7]:
• Optical aberrations due to:
a. Distortion of plasma boundary
b. Non-uniformity of plasma density across electrode aperture
c. Distortion of field at the plasma due to the unavoidable presence of an aperture in 
the second electrode
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• Finite temperature of ions at the plasma boundary, giving finite transverse energy
• Fluctuations in beam intensity
• Space charge expansion after extraction
A beam becomes "space-charge dominated" when the beam expansion due to space 
charge becomes greater than the expansion caused by the inherent ion temperature. Low 
energy beams which propagate through a given beamline construction suffer from beam 
"blow-up", which refers to the tendency for like-charged (positive) ions within the ion 
beam to mutually repel each other (also known as the space charge effect). Such mutual 
repulsion causes a beam of otherwise desired shape to diverge away from an intended 
beamline path. Beam blow-up is particularly problematic in high current, low energy 
applications because the high concentration of ions in the beam (high current) exaggerates 
the force of the mutual repulsion of the ions, and the minimal propagation velocity (low 
energy) of the ions expose tiiem longer to these mutually repulsive forces.
It is interesting to note that high current, low energy implanters operating at energies of 
IkeV and below, can deliver beam currents onto the wafer that are well above the value at 
which catastrophic space charge blow-up should occur. This implies that the ion space 
charge is effectively compensated (to greater than about 99%), by the presence of 
electrons produced within the beam by gas-phase collisions or by secondary emission 
from beam strike on electrode surfaces. This compensation can sometimes be enhanced 
by raising the beamline pressure either with rare gas, or gaseous species that produce 
negative ions (e.g. water vapour).
There are, however, two key elements needed to control beam blow-up. The first is the 
above-mentioned introduction of low energy electrons into the beam, and the second is 
the reduction of electron losses from the beam. If insufficiently low energy electrons are 
generated as the ion beam collides with residual gas molecules, bridging plasmas can be 
used.
All the space charge compensation techniques work efficiently in field fr ee regions of the 
beamline. However, the beam will be stripped of elections whenever it is exposed to h i ^  
electric fields -  as in any electrostatic lens. Even magnetic ion optical elements have a
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detrimental effect, since they can significantly reduce the axial mobility of the trapped 
electrons. Where there is a need to re-establish space charge neutrality, a suitable plasma 
flood system can be used. A plasma flood system comprises a plasma as a low energy 
electron source, and is primarily used in implanters for neutralizing positive charges on 
the surface of the substrate without causing significant negative charging. However, such 
systems do significantly reduce the space charge potential in the beam.
A.5 Beam instabilities
Low and high frequency fluctuations of the ion beam intensity must be avoided [12]. Low 
frequencies make it difficult to determine the implanted doses, whilst higli frequencies 
give rise to a strong defocusing of beams which have current densities in excess of a few
hundred pAf cm ^. The fluctuations appear to reduce the ability of the beam to space 
charge neutralise effectively.
Ion beams are firequently afflicted with oscillations, and hash. This sometimes originates 
in the source plasma, but may originate elsewhere, especially if several different 
potentials are present along the beamline [13].
Chavet et al [14] found that hash (high fiequency oscillations) was localised mainly at the 
sides of the beam, and could be stopped by an appropriate diaphragm to improve image 
quality (which is important in isotope separators). It has been suspected for a long time 
that hash is tlie main factor preventing proper focusing of the flanks defining the parasitic 
divergence. This was confirmed by measuring the high frequency amplitude distiibution 
across a 30mA argon beam under various source conditions. The results obtained using 
the MEIRA separator [14] show that hash accumulates at the centre of the flanks, but very 
little at the centre of the main part of the diverging beam. They also found that the flanks 
widen with an increase in hash, whilst maintaining the general shape of the curve (linear 
relationship). The results suggest that high firequency intensity oscillations cause 
modulation of the main divergence at a frequency too rapid for build-up of the 
neutralisation mechanism. This means the flanks are distorted by the uncompensated 
space charge, and cannot be focused.
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Chavet and Bemas [10] found that for any source conditions, the parasitic divergence 
decreases with increasing gas flow.
Ionisation rate is pressuie dependent, and therefore a lower threshold exists for operating 
pressui e to obtain a stable discharge. An ion beam exti*acted from a source operating near 
this limit is typically unstable, displaying oscillations in the lOkHz-SOkHz frequency 
range (liash). At lower pressure the arc will extinguish [15].
In conclusion, hash cannot be eliminated in the beam, probably due to local internal 
phenomena in the source. The best way to eliminate hash is to avoid soui'ce conditions 
that generate it. However, the conditions are often those that maximise the production of 
the ions of interest to ion implantation.
A.5.1 Ripple
Ripple in the cathode or arc supplies affects beam quality by widening the parasitic 
divergence [14]. The ripple in the supplies in turn causes ripple in the arc current. Arc 
voltage fluctuations may affect the plasma boundary and hence the chamcteristics of the 
extracted beam. Filament currents do affect the arc current very strongly and modulate the 
extr acted beam intensity. The arc current has great sensitivity to variations of voltage in 
the pressure-limited mode of arc operation (where the arc cuixent is limited by the 
pressure in the arc chamber and does not increase with cathode heating current). It also 
has great sensitivity to the cathode in the cathode-limited mode (where arc current is 
limited by the cathode temperature, and therefore increases with the cathode heating 
current).
Chavet et al found some indication that ripple enhances hash in the arc current circuit, but 
no such effect could be detected in the beam itself.
Filters can be installed in the supplies to reduce ripple or alternatively, a diaphr agm can 
be installed in the chamber to reduce parasitic divergence, however, this reduces beam 
transmission. Improper orientation of the source and electrodes also cause an increase in 
parasitic divergence.
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A.6 Conclusion
The source must be capable of producing stable beam currents for all dose requirements. 
The source and extraction optics must also be designed to give good quality beams at low 
as well as high extraction voltages [16].
Side extraction with a long slit aperture allows extraction from the length of the plasma 
column, and enables a h i ^  beam current to be transported at low current density in a 
ribbon beam with minimal divergence in the vertical plane.
Low emittance and divergence as well as ensuring a more stable and high quality beam, 
aie also both important in reducing the bombardment of the wall and electrodes of the 
source/beamline with high energy ions, and hence minimising sputtering of the 
electrodes.
Low axial and transverse energy spreads are essential for efficient transport of low 
energy, paiallel beams. The factors, which contribute to these spreads, are the ion 
temperatuie (as mentioned above), and charge exchange in the extraction field region. 
The latter, which leads to a low energy tail in the axial ion energy distribution, can be 
significant. However, high transverse energies due to plasma boundary effects also affect 
transport efficiency.
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